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 The Costa de Nayarit in western Mexico is a classic modern example of the progradation 
of a coastline in a wave-dominated depositional environment.  Throughout the Pleistocene, 
sediments have been brought to the Costa De Nayarit via three major river systems, the Rio 
Grande de Santiago, the Rio San Pedro and the Rio Acaponeta.  These river systems obtain their 
sediments from two distinctly different volcanic provinces within central Mexico, the Sierra 
Madre Occidental (SMO), a volcanic province characterized by its predominance of  felsic 
volcanism (rhyolites) and pyroclastic flows (welded ash flow tuff and ignimbrite),  and the 
Trans-Mexican Volcanic Belt  (TMVB), which is characterized by its predominance of mafic 
and intermediate volcanism (basalts and andesites).  Petrographic studies of sediment samples 
collected from these river systems and the modern beaches of the Costa de Nayarit along with 
Scanning Electron Microscope (SEM) and electron Microprobe chemical analyses, provide 
insight into the provenance of sediments from each river system as well as to where the 
sediments on the modern beaches are originating.   
Progradation in a wave-dominated depositional environment results from the construction 
and successive accretion of shoreface successions (beach ridges) to the coastline.  Studying 
sediment samples from the shoreface succession (beach ridges) constructed during the current 
Holocene sea-level highstand along the Costa de Nayarit determined that they are made up of a 
mixture of sediments sourced from longshore transportation of Rio Grande de Santiago/Rio San 
Pedro (RGS/RSP) paleo-river sediment and onshore transportation of reworked sediment from 
the drowned RGS/RSP paleo-river delta constructed on the continental shelf during the previous 
sea-level lowstand in the Pleistocene.  The study also determined that sediments of the southern 
shoreface successions (beach ridges) were more influenced by longshore transportation of 
RGS/RSP paleo-river sediments than the northern shoreface successions (beach ridges), which 






 Transportation and deposition of sandy sediment by longshore currents is the primary 
mechanism by which progradation of barrier island and strandplain shoreface successions occurs 
in wave-dominated coastal environments.  Presently, major importance is placed on 
understanding source-to-sink sediment dispersal models in modern depositional systems and 
using such models as a means to interpret depositional systems in the geologic record.  In an 
idealized source-to-sink sediment dispersal system, mountain ranges (hinterlands) source the vast 
majority of sediments in major river systems while basins in the deepwater environment 
represent the ultimate sink for these sediments (Blum and Hattier-Womack, 2009).   
One significant question might be whether this idealized source-to-sink model can be 
applied to sediment dispersal systems located in a variety of geologic settings, in particular 
wave-dominated environments that are somewhat distal to fluvial sediment point sources.  It is 
widely viewed, for example, that routing of sand to slope and basin floor environments is 
accomplished during times of sea-level lowstand and extension of fluvial systems across the 
continental shelf to the shelf margin.  However, wave-dominated environments require 
significant transport of sediment parallel to the coastline, orthogonal to the fluvial-deltaic 
transport direction, such that much of the sand that might otherwise be delivered to the slope and 
basin floor remains sequestered in the shelf environment.  The lowstand shelf margin has been 
referred to as a “staging area” for sands to be transferred to the slope and deep water 
environments by gravitational processes, but my also serve as a “proximal source” for sediments 
that can be reworked and transported landward during sea-level rise (Blum and Hattier-Womack, 
2009).   
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The Costa de Nayarit in western Mexico is one of the best known and most commonly 
cited examples of a Holocene progradational shoreface succession situated in a wave-dominated 
depositional environment. The pivotal sedimentological work done by Curray et al. (1969) 
suggested that barrier island and strandplain sands were derived from two sources: (1) longshore 
transport of sediments from three major river systems during the Holocene; the Rio Grande de 
Santiago, the Rio San Pedro, and the Rio Acaponeta, and (2) reworking and onshore transport of 
sediments deposited on the continental shelf off the Costa de Nayarit when these same rivers 
were extended across the continental shelf as a result of Pleistocene glaciation and glacio-
eustatic sea-level fall.  Studies of Holocene progradational shoreface successions elsewhere, for 
example, the eastern and southern coasts of Brazil (Dominguez et al., 1987; Lessa et al., 2000), 
the central Texas coast (Wilkinson and Basse, 1978; Rodriguez et al., 2001), and the eastern 
coast of Japan (Tamura et al., 2003) have also demonstrated that sands were derived in part from 
sand initially deposited during lower sea-level and transported landwards during transgression.  
If correct, the onshore transport of sediments from lowstand shorelines would represent a 
significant departure from most models for wave-dominated deltas and shorelines, where 
sediment is provided by longshore transport from contemporaneous river mouths (e.g. 
Bhattacharya and Giosan, 2003). 
The barrier islands and strandplains of the Costa de Nayarit provide an ideal opportunity 
to examine contrasting models for sand supply to progradational shoreface successions.  First, 
the three river systems that serve as ultimate sediment sources drain different parts of the western 
Mexican landscape, which should provide different compositional signatures: the Rio Grande de 
Santiago drains both the mafic to intermediate Trans Mexican Volcanic Belt and the felsic Sierra 
Madre Occidental, whereas the Rio San Pedro and Rio Acaponeta drain only the Sierra Madre 
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Occidental.  Second, only the Rio Grande de Santiago discharges to the Pacific Ocean and 
supplies sand directly to the longshore transport system: the Rio San Pedro and Rio Acaponeta 
discharge to estuaries behind the barrier island/strandplain system, and all sediment is presently 
trapped in those estuaries, although the Rio San Pedro is known to have joined the Rio Grande de 
Santiago at some time during the Holocene.  Alternative hypotheses for sand supply to the 
barrier/strandplain system can therefore be defined as follows: (1) sand for the Holocene 
barrier/strandplain system is derived directly from contemporaneous river mouths, then 
transported by longshore drift, and changes down drift in such a way as to reflect the 
compositional maturation expected from abrasion of less resistant grains during longshore 
transport, and (2) sand for the Holocene barrier/strandplain system is derived from a mixture of 
contemporaneous river-sourced sand, and sands reworked from the shelf during the most recent 
transgression, such that the composition reflects a mixture of sands from the three different river 
systems.  This study will test these hypotheses as follows: 
1) Determine the provenance (SMO or TMVB) and define a unique signature (in terms 
of specific grain type) for sands from the Rio Grande de Santiago, Rio San Pedro, Rio 
Acaponeta; 
2) Determine the provenance of sand that comprises the modern beach system and 
compare to the signatures developed for the different river systems; 
3) Describe previously collected cores from the prograding shoreface succession of the 
Costa de Nayarit, sample from these cores, then describe the provenance of sands, so 
as to compare with the compositional signatures from each river system and the 
modern beach system; 
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4) Outline the source-to-sink sediment dispersal system of the Costa de Nayarit, such 






The Costa de Nayarit 
 The Costa de Nayarit (Fig. 1) sits at the structural southern end of the Gulf of California 
and extends from the city of Mazatlan, Sinaloa to just south of the city of San Blas, Nayarit 
covering a distance of over 225 kilometers.  The coastal plain is made up of “Quaternary 
sediments consisting of Pleistocene and Holocene alluvial floodplain deposits, lagoons, marsh, 
and a wide strandplain of subparallel elongate beach ridges” (Curray et al., 1969).  The 
strandplain and beach ridges described by Curray et al. characterize the Holocene progradational 
shoreface succession of the Costa de Nayarit.  This progradational shoreface succession 
(strandplain) varies in width throughout the region, with an average width of about 9.7 km and a 
maximum width of 15 km near the small town of Santa Cruz, Nayarit (Curray and Moore, 
1964b; Curray et al., 1969).    
According to Curray et al. (1969), the widest segment of the shoreface succession 
(strandplain) contains approximately 280 beach ridges that can be counted using aerial 
photographs.  The distance between the individual beach ridges (from crest to crest) range from 
15 to 200 meters, with the ridges themselves averaging about 50 meters in width (Curray et al., 
1969).  The surface relief of the coastal plain typically ranges from less than 1 meter above mean 
sea-level on the crest of the beach ridges to less than 50 centimeters below mean sea-level in the 
depressions that separate adjacent ridges (Curray et al., 1969).  The Holocene progradational 
shoreface succession of the Costa de Nayarit overlaps the seaward dipping Pleistocene and 
Holocene alluvial flood plain of the Rio Grande de Santiago and smaller adjacent rivers to the 




Fig. 1 – Satellite image of the Costa de Nayarit, western Mexico, showing the locations of the 
Rio Grande de Santiago, Rio San Pedro and the Rio Acaponeta.  This image was produced by the 
fusing of the RGB 7.5.3 spectral band combination and the panchromatic band of the Landsat 7 
Enhanced Thematic Mapper data.  (Modified from www.zulu.ssc.nasa.gov/mrsid/) 
 





et al. (1969), the oldest Holocene shoreface successions along the Costa de Nayarit are made up 
of sands derived from roughly half continental shelf sand (reworked and transported onshore) 
and half river sand (longshore transported from the Rio Grande de Santiago/Rio San Pedro 
(hereafter RGS/RSP) paleo-river system), while the youngest shoreface successions contain sand 
that was almost entirely derived from the RGS/RSP paleo-river system and transported by 
longshore currents. 
The continental shelf off the Costa de Nayarit (Fig. 2) has a width of about 27.8 km from 
the shoreline to shelf break at the northern and southern ends, with the broad central part of the 
shelf reaching a maximum width of 74 km at the shelf break (Moore and Curray, 1964; Curray 
and Moore, 1964b).  Detailed bathymetric studies conducted by the Scripps Institution of 
Oceanography determined that the continental shelf break has a depth below sea-level ranging 
from 50 to 125 fathoms (91 to 228 meters), with an average depth of 58 fathoms (106 meters) in 
most regions of the shelf (Curray and Moore, 1964b).  The lobate morphology of the continental 
shelf is a reflection of the delta that was constructed by the RGS/RSP paleo-river system during 
the previous sea-level lowstand in the Pleistocene.  According to Curray and Moore (1969), 
during the previous sea-level lowstand, the Rio Grande de Santiago and the Rio San Pedro 
entered the Pacific Ocean together further to the north than their current locations on the Nayarit 
coastal plain.  This paleo-river system continued to supply sediment to the Costa de Nayarit as 
recent as 500 years ago when the Rio Grande de Santiago avulsed south to its current location 
(Curray and Moore, 1969). 
Subduction–related volcanism in central and western Mexico throughout the Cenozoic 




Fig. 2 – Bathymetric profile of the continental shelf off the Costa de Nayarit, western Mexico.  The contours illustrate the depth below 
sea-level (in fathoms; 1 fathom = 6 feet) of the continental shelf.  The contour interval is 10 fathoms, with the central region of the 
shelf having a contour interval of 1 fathom between 20 and 35 fathoms.  During the previous sea-level lowstand in the Pleistocene, a 
vast delta was constructed by the Rio Grande de Santiago/Rio San Pedro paleo-river system on the continental shelf.  The red box 
indicates the region on the Costa de Nayarit from which samples were collected from and used for this thesis research.  (Modified 




Fig. 3 - Map showing the distribution of the Sierra Madre Occidental (SMO) and the Trans-
Mexican Volcanic Belt (TMVB) throughout Mexico.  The red box indicates the location of the 
Costa de Nayarit with respect to these volcanic provinces.  (Modified from Ferrari et al., 1999b)  
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the roughly east-west trending TMVB (Fig. 3) (Ferrari et al., 1999; Rossotti et al., 2002).  The 
Nayarit coastal plain slopes gently upward to the western foothills of the SMO and the adjacent 
TMVB, which extends to the southeast from the southern portion of the Costa de Nayarit (Curray 
and Moore, 1964; Curray et al., 1969).  There is an overlap in the two volcanic provinces on the 
southernmost extent of the SMO between the Pacific Ocean and roughly the longitude of Mexico 
City (Ferrari et a., 1999; Rossotti et al., 2002).  These two volcanic provinces serve as the 
primary source terrains for sediments brought to the Costa de Nayarit throughout the Quaternary 
by 3 major river systems, the Rio Grande de Santiago, Rio San Pedro, and the Rio Acaponeta.   
 
Fig. 4 - Satellite image showing the extent and area of the drainage basins for the Rio Grande de 
Santiago, Rio San Pedro, and Rio Acaponeta.  The drainage basin for the Rio Grande de 
Santiago also includes that of the Rio Lerma, which flows into Lago Chapala from the east.  The 
Rio Grande de Santiago originates from Lago Chapala on the northeast side and flows west to 
the coast.  (Modified from www.zulu.ssc.nasa.gov/mrsid/) 




(Includes Rio Lerma) 












The Rio Grande de Santiago, the largest of these river systems, contains a drainage area 
of 122,850 km
2
 (Curray et al., 1969) and obtains the majority of its sediments from the TMVB. 
The drainage area for the Rio Grande de Santiago also includes the drainage area of the Rio 
Lerma, which originates near Mexico City and flows west into the east side of the Lago Chapala 
(Curray et al., 1969).  The Rio Grande de Santiago originates from the north side of Lago 
Chapala and flows west to the Costa de Nayarit. 
The SMO is vastly extensive to the north of the Coast de Nayarit in northern and central 
Mexico, and it is the source terrain for sediments of the Rio San Pedro and the Rio Acaponeta.  
These river systems obtain sediment from much smaller drainage basins than the Rio Grande de 





 (Curray et al., 1969) respectively.  The extent and area of the drainage basins for Rio 
Grande de Santiago, Rio San Pedro, and Rio Acaponeta are shown in Figure 4. 
 
Sierra Madre Occidental (SMO) 
 The spatial and temporal variations between these the SMO and the TMVB have 
constantly been debated in the literature.  Comprehensive studies conducted by Nieto-Samaniego 
et al. (1999), Ferrari et al. (1999a), Ferrari et al, (1999b), and Rossotti et al. (2002) determined 
that a time gap of roughly 7-10 Ma in the early to middle Miocene separated major volcanic 
episodes within the overlapping regions of the provinces in south-central Mexico.  The SMO 
(Fig. 3) is the older of the two volcanic provinces, with the initial onset of ignimbrite volcanism 
occurring in the late Eocene (Ferrari et al., 1999a; Ferrari et al., 1999b).  It is a huge, NNW – 
SSE trending silicic volcanic province that extends over 2000 km from the southwestern United 





 (with an average thickness of 1 km) and has an estimated volume of over 300,000 km
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(Ferrari et al., 2002).  Underlying the vast ignimbrite blanket of the SMO is the late Cretaceous 
to Paleocene Lower Volcanic Complex, which is comprised of plutonic and volcanic basement 
rocks which are interpreted to be remnants of the suprasubduction zone magmatic arc associated 
with the Laramide orogeny (Ferrari et al., 2007) 
The southwestern region of the SMO (south of the Tropic of Cancer: latitude 23
o
30‟ 
(Ferrari et al., 2002)) is of primary importance because it‟s the region from which sediments are 
sourced for the Rio San Pedro and Rio Acaponeta.  A portion of the drainage basin for the Rio 
Grande de Santiago also extends into the southwestern SMO, however the majority of it lies 
within the TMVB (Shown in Figure 4).  This region of the SMO, which is overlapped by the 
TMVB, does not contain any pre-Oligocene volcanic rocks (Ferrari et al., 1999a; Ferrari et al., 
2002).    The majority of the silicic volcanic rocks that make up this region were erupted during 
ignimbrite flare-up episodes in the Oligocene (31.5 – 28 Ma) and early Miocene (23.5 – 20 Ma) 
(Ferrari et al., 2002).  There are small volume basalt and andesite lava flows, as well as rhyolitic 
domes (all of which are Oligocene in age) capping some areas of the Oligocene ignimbrite 
succession, and parts of these units are in turn capped by the early Miocene ignimbrites (Ferrari 
et al., 2002).  There are also Miocene age rhyolite domes, basalt and andesite lava flows that cap 
areas of the Miocene ignimbrite succession in the region (Ferrari et al., 2002). 
 
Trans-Mexican Volcanic Belt (TMVB) 
 The TMVB (Fig. 3) is a 1000 km long WNW – ESE trending mafic and intermediate 
volcanic province that extends across south-central Mexico from the Pacific Ocean all the way to 
the Gulf of Mexico and overlaps the southernmost extent of the SMO (Ferrari et al., 1999a).  The 
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transition from primary volcanism within in the SMO to volcanism in the TMVB occurred 
during the middle to late Miocene (Ferrari et al., 2000).  This transition is attributed to the 
terminated subduction of the Farallon plate and the initiation of extension in the Gulf of 
California, which led to a shift in the focal point of volcanic activity and a counterclockwise 
rotation (~30
o
) of the volcanic arc (Ferrari et al., 1999b; Ferrari et al., 2000).  By the start of the 
late Miocene, the TMVB had attained a stable orientation of roughly east-west with the 
northwestern corner of the volcanic province having a more west-northwest-east-southeast trend 
(Ferrari et al., 1999b). 
 The first major pulse of volcanic activity within the TMVB occurred between 11-7 Ma 
and produced widespread mafic to intermediate volcanism extending from the Pacific coast to 
roughly the longitude of Mexico City (Ferrari et al., 2000). These mafic and intermediate 
volcanic rocks originated from shield volcanoes, fissure and flood-like lava flows, and 
monogenetic volcanic fields that created plateau-like structures (Ferrari et al., 2000).  The 
western region of the TMVB is characterized by the occurrence of bimodal volcanism in the late 
Miocene, with the initial mafic and intermediate volcanic flows being followed by the 
emplacement of silicic domes and lava flows around 7-5 Ma (Rossotti et al., 2002).  Ferrari et al. 
(2001) determined that starting in the late Miocene (around 8.5 Ma), the volcanic front of the 
TMVB began migrating trenchward (west) due to the slowed subduction of the Rivera plate.  
The slowed subduction caused the leading edge of the Rivera slab to rollback, increasing the dip 
angle at which it was being subducted beneath the North American Plate (Ferrari et al., 2001).  
This resulted in increased volcanic activity within the western TMVB.  
Bimodal volcanism within the western TMVB continued into the Pliocene and 
Pleistocene.  Alkali-basalts with intra-plate affinities were emplaced in the early Pliocene 
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between 4.7 to 3.7 Ma along with ignimbrites that exhibit characteristics of being sourced from 
the mixing of mafic and silicic magmas (Rossotti et al., 2002).  In the late Pliocene and into the 
Pleistocene, rhyolitic domes and lava flows were emplaced between 3.0 to1.0 Ma along with 
alkali-basalts also showing intra-plate affinities emplaced between 2.3 to 0.9 Ma (Rossotti et al., 
2002).  Ferrari et al. (2001) noted that episodes of bimodal volcanism within the western TMVB 
in the late Miocene and late Pliocene seem to match periods of stalled subduction of the Rivera 
plate. 
 
Progradational Shoreface Succession (Beach Ridge) Formation 
 Progradational shoreface successions preserved in the form of beach ridges are a common 
component of many Quaternary coastal plains situated in wave-dominated depositional 
environments.  Beach ridges are defined as “relict, semiparallel, multiple wave- and wind-built 
landforms that originated in the inter- and supratidal zones” (Otvos, 2000).  The term relict is 
used to designate beach ridges as coastal morphological features that have become isolated from 
the daily influence of erosional and accretionary processes as a result of shoreline progradation.  
Tanner (1995) proposed that sandy beach ridges fall into four main categories: 1) swash-built, 2) 
settling lag, 3) eolian, and 4) storm surge.  In this synthesis of more than a thousand individual 
beach ridges and about 50 different beach ridge systems worldwide, Tanner (1995) concluded 
that the majority of sandy beach ridges are of the swash-built type.   
 According to Komar (1976), the mechanism most often proposed in the literature 
regarding the origin and development of beach ridges is attributed to the growth and emergence 
of submerged longshore bars.  The concept of growth and emergence of longshore bars as a 
mechanism for the development of beach ridges was adapted from the idea first proposed by De 




Fig. 5 – Sequence of events for formation of beach ridges along the Costa de Nayarit proposed 
by Curray et al. (1969):  i) Initial conditions with an eolian dune sitting behind the modern beach 
and capping the beach ridge.  ii) Sand influx into the nearshore environment allows for the 
construction of a submerged longshore bar at the plunge point of the breaker waves (determined 
from wave-tank experiments conducted by McKee and Sterrett (1961)).  iii) Continued sand 
influx, along with conditions of low wave action, allows the submerged longshore bar to build 
higher and higher, eventually up to sea-level.  iv) With continued sand influx and low wave 
action, the longshore bar is built above sea-level.  If these conditions persist, the longshore bar 
gets larger, captures the wave action and effectively becoming a new beach.  The former beach 




Curray and Moore (1964a) and Curray et al. (1969) for the origin of individual beach ridges 
along the Costa de Nayarit.  The process is described and illustrated in Figure 5.  
 It has recently been recognized that “the term „beach ridge‟ has often been used inter-
changeably with the term „foredune‟, and some definitions actually describe foredunes and beach  
ridges as the same landform” (Hesp et al., 2005).  Geologists commonly refer to all shore parallel 
ridges as beach ridges regardless of whether they are of wave-built (beach  ridge) or aeolian 
(foredune) origin (Hesp et al., 2005).  However, Hesp et al. (2005) states that beach ridges 
(shoreface successions) should be morphodynamically and genetically distinguished from 
foredunes.   They define beach ridges (shoreface successions) as swash and storm built wave 
deposits made primarily of sand  and various amounts of other marine sediments (shells, organic 
material, etc.) that typically form at or above the normal spring high tide level (Hesp et al., 
2005).  In contrast, they define foredunes as sand dunes formed by aeolian sand deposition 
within vegetation on the backshore zone of beaches and on top of the beach ridges (shoreface 
successions) (Hesp et al., 2005).  Although the foredunes provide the ridge and swale 
morphology observed on the surface and indicate an overall progradational style, they are not 
relevant to the underlying beach ridges (shoreface successions).  
For this thesis, the term progradational shoreface succession has been used throughout to 
describe the beach ridges (morphologically preserved by the foredunes) constructed along the 
Costa de Nayarit throughout the Holocene.  There are a number of terms used throughout the 
literature to describe progradational shoreface successions (beach ridges) along wave-dominated 
coastlines.  Roy et al. (1994) uses the term prograded barriers to describe both coast-parallel 
beach and foredune ridges, while Tamura et al. (2003) uses the term prograding beach-shoreface 
deposits to describe the same type of features.  Tamura et al. (2003) describes the prograding 
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beach-shoreface deposits as being made up of four main facies successions; (1) the lower 
shoreface; (2) the upper shoreface; (3) the foreshore; and (4) the backshore.   
The lower shoreface succession is described as containing primarily mud to very fine 
grained sand (usually burrowed) with abundant shell fragments as well as some horizontal to 
low-angle cross stratification interpreted as hummocky cross stratification, which are recognized 
as storm deposits (Tamura et al., 2003).  The upper shoreface succession sits on top of the lower 
shoreface and consists of medium to fine grained sand with abundant shell fragments and 
contains planar and trough cross stratification (Tamura et al., 2003).  The upper shoreface 
succession is more coarse grained than the underlying lower shoreface succession and it is 
constructed in a shallower depositional environment (Tamura et al., 2003).  The foreshore 
succession overlies the upper shoreface succession and consists primarily of fine grained, well 
sorted sand that is parallel laminated and contain some trace fossils (Tamura et al., 2003).  
Lastly, the backshore succession, which overlies the foreshore succession, is made up primarily 
of very fine to fine grained sand with parallel laminations and plant rootlets (Tamura et al., 
2003).    The presence of sand that is finer grained than sand from the underlying foreshore 
succession is an indication that the backshore succession sand is of eolian origin (foredune) 
(Tamura et al., 2003).  
 
Costa de Nayarit:  Current Understanding 
 According to Curray and Moore (1964b), the continental shelf off the Costa de Nayarit is 
made up of sediments that correspond to many different types of facies.  These include: alluvial 
facies; littoral and neritic sand facies; deltaic foreset and topset sand facies; slope silt and clay 
facies; and a basal transgressive sand facies.  This was determined based on detailed bottom 
penetrating acoustic reflection surveys (utilizing the Sonoprobe and the Sonic Profiler “Arcer” 
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instruments) conducted as part of the Scripps Institute of Oceanography study of the geology and 
oceanography of the Gulf of California (Moore and Curray, 1964; Curray and Moore, 1964b).   
 The inner and central portion of the continental shelf was examined primarily by using 
the Sonoprobe (Moore and Curray, 1964).  This part of the shelf contains a pre-transgressive 
subaerial erosional surface that corresponds to the Pleistocene alluvium sitting beneath the 
Holocene regressive sands on the modern coastal plains and on the inner continental shelf 
(Curray and Moore, 1964b; Moore and Curray, 1964).  This erosional surface is overlain by a 
basal transgressive sheet-sand layer several meters thick that was deposited during the most 
recent sea-level rise in the Holocene (Curray and Moore, 1964b; Komar, 1998).  The 
transgressive sheet-sand layer is overlain by littoral and neritic sands of the most recent 
sedimentary cycle (RGS/RSP paleo-river system and later the Rio Grande de Santiago) that 
become interbedded and eventually grade into silts and clays on the outer inner shelf and central 
shelf which originated from the suspended sediment load of the modern Rio Grande de Santiago 
(Moore and Curray, 1964).   
 The outer continental shelf and slope was examined using the Sonic Profiler “Arcer” 
instrument because of its capability to penetrate deeper beneath the sea floor (depths greater than 
600 feet) than the Sonoprobe (Curray and Moore, 1964b; Moore and Curray, 1964).  The Arcer 
survey imaged the Pleistocene delta of the RGS/RSP paleo-river system and showed classic delta 
topset and foreset geometries along with a basinward shift of deltaic sequences due to falling 
sea-level (Curray and Moore, 1964b; Moore and Curray, 1964).  Falling sea-level is recognized 
in Arcer records as the break in slope between the relatively shallow dipping topset beds and the 
more steeply dipping foreset beds, which would have occurred approximately at sea-level 
(Moore and Curray, 1964).  The Arcer survey also showed that deltaic sedimentation was not 
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uniform throughout the Pleistocene (Moore and Curray, 1964).  Some sections of the survey 
show one sequence of deltaic beds sitting on top of another sequence of beds, and in the wide 
central portion of the continental shelf, there are morphological features that are similar to the 
modern shelf edge buried beneath younger deltaic sequences (Moore and Curray, 1964).  Based 
on this data, it was determined that there were at least three delta building events during the 
Pleistocene separated by a period of sea-level rise (Moore and Curray, 1964; Curray and Moore, 
1964b).  The shelf edges that are associated with these three delta building events are shown in 
Figure 6.  The youngest shelf edge, which is subsequently the modern shelf edge, represents the 
furthest extent of delta building during the Pleistocene.   
   Sea-level studies from around the world have determined the most recent sea-level rise 
started around 20,000 years ago due to of the onset of deglaciation following the Last Glacial 
Maximum (hereafter LGM) (Walker and Plint, 1992; Roy et al., 1994; Lambeck and Chappell, 
2001; Peltier, 2001; Miller et al., 2005).  Sea-level rise was relatively rapid up until about 7,000 
years ago, during which shorelines around the world transgressed their continental shelves and 
migrated landward to a location relatively close to their modern positions (Curray et al., 1969; 
Lambeck and Chappell, 2001; Peltier, 2001; Miller et al., 2005).  According to Curray et al. 
(1969), the shoreline first stabilized along the Costa de Nayarit around 4,750 years ago near the 
mouth of the RGS/RSP paleo-river system.  They also recognized that the shoreline along the 
central and north central part of the coast the shoreline didn‟t reach a stable position following 
the LGM until about 4,500 years ago, and at the extreme northern and southern edges of the 
coast shoreline stabilization wasn‟t achieved until 3,600 years ago. 
 When shoreline stabilization was first achieved along the Costa de Nayarit 4,750 years 




Fig. 6 – Bathymetric profile of the continental shelf off the Costa de Nayarit showing the paleo-shoreline positions associated with the 
three delta advances during the Pleistocene interpreted from the Sonic Profiler “Arcer” survey conducted by Curray and Moore 
(1964).  The red dashed line represents the oldest fossil shelf edge, the blue dotted line represents the middle shelf edge, and the dark 
black line represents the youngest and modern shelf edge. (Modified from Curray and Moore, 1964a)  
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to the north (Curray et al., 1969).  Over the next 150 years, a sandy spit was constructed to the 
north of the paleo-river entrance point and continued to grow northward until it eventually 
enclosed Laguna Agua Brava around 4,500 years ago (Curry et al., 1969).  Following the 
enclosure of Laguna Agua Brava and stabilization of the shoreline in the central and north 
central parts of the coast, progradation was initiated and the Period II progradational shoreface 
successions (beach ridges) (74 ridges at the widest part) were constructed between 4,500 and 
3,600 years ago (Fig. 7) (determined from radiocarbon dating done by Curray et al., 1969).  
According to Curray et al. (1969), the sands that constructed this shoreface succession (beach 
ridges) were derived from longshore current transport (which was still to the north during this 
period) of sediments from the RGS/RSP paleo-river system, the Rio Acaponeta in the north 
central part of the coast, and from reworking and onshore transportation of the basal 
transgressive sands on the inner continental shelf, with the origin of sand from these two 
mechanisms being subequal for the Period II succession.  They also determined an average rate 
of 12.2 years for the construction of an individual succession (beach ridge) during Period II 
(Curray et al., 1969). 
 The significance of sand being supplied to the shoreface by reworking and onshore 
transportation from the continental shelf has also been demonstrated in studies conducted on a 
number of Holocene progradational shoreface successions from around the world.  These areas 
include the eastern and southern coasts of Brazil (Dominguez et al., 1987; Lessa et al., 2000), the 
central Texas coast (Wilkinson and Basse, 1978; Rodriguez et al., 2001) and the eastern coast of 
Japan (Tamura et al., 2003).  Along the eastern coast of Brazil, there are Holocene 







Fig. 7 – Schematic illustration showing the distribution of the different periods of shoreface succession (beach ridge) construction 
(Periods II – V) during the Holocene regression along the Costa de Nayarit as interpreted by Curray et al. (1969).  The red line 
indicates the location at which the shoreline first stabilized along the coastline around 4,750 years ago following the late Pleistocene to 
early Holocene sea-level rise.  The red arrows illustrate the location and direction in which the sandy spit was built in the 150 years 
following the initial shoreline stabilization to enclose Laguna Agua Brava by 4,500 years ago.  The prograding shorelines (with their 
associated ages determined from radiocarbon dating) mark the unconformities that separate the periods of shoreface successions. The 
big arrows associated with the RGS/RSP paleo-river system illustrate the movement of the mouth of the paleo-river system during the 
different periods of progradation.  The blue arrow indicates the final location of the RGS/RSP paleo-river mouth prior to the 
separation of the Rio Grande de Santiago at the end of Period IV.  (Modified from Curray et al., 1969)    
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Doce, and the Paraíba do Sul rivers as well as the Caravelas coastal plain (Dominguez et al., 
1987).  According to a study conducted by Dominguez et al. (1987), the main source of 
sediments (predominately sand) for the progradation of these shoreface successions were 
provided by the reworking of inner-shelf sediments (predominately terrigenous sands) as a result 
of sea-level fall.  These inner-shelf sands were incorporated into wave-dominated longshore drift 
systems and transported onshore, eventually coming to rest at sediment traps along the coastline, 
which along this segment of the coastline are the mouths of the river systems (Dominguez et al., 
1987).  The study also determined that sediments coming from the river systems played only a 
secondary role in the construction of these Holocene progradational shoreface successions, and 
in the case of the Caravelas coastal plain, which is not associated with any major river system 
and is located in an area of converging wave-induced longshore drift, the entire progradational 
shoreface succession was constructed with sediments being reworked from the inner-shelf 
(Dominguez et al., 1987). 
 Along the southern coast of Brazil, the Paranaguá coastal plain represents another 
Holocene progradational shoreface succession constructed under slowly falling sea-level 
conditions (Lessa et al., 2000).  According to a study conducted by Lessa et al. (2000), the 
primary sources of sediment for this progradational shoreface succession are reworking of 
sediments from the inner- shelf and the erosion of sediments from the Holocene progradational 
shoreface successions immediately south of the region (a direct result of the south to north 
longshore current system).  The only fluvial sediment source in this region is the Itajaí River 
located 160 km to the south of the Paranaguá coastal plain and it most likely does not contribute 
a significant volume of sediment to the longshore current system because it discharges between 
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two rocky headlands which are protected from the predominately S-SW waves (Lessa et al., 
2000). 
The central Texas coastline is another location where sand present on the continental 
shelf has been reworked and incorporated into the Holocene progradational shoreface 
successions (Wilkinson and Basse, 1978; Rodriguez et al., 2001).  These progradational 
shoreface successions include Galveston Island, Matagorda Island, St. Joseph Island, and 
Mustang Island.  According to a study conducted by Wilkinson and Basse (1978), the origin of 
sediments on Galveston Island are attributed to a combination of sediments coming from the 
ancestral Colorado/Brazos river system as well as the reworking and onshore transportation of 
sediments present in the ancestral Colorado/Brazos incised valley, which is located on the 
continental shelf southeast of Galveston Island.  A study conducted by Rodriguez et al. (2001) of 
the entire Texas Gulf Coast determined that the central Texas coast has a higher sediment supply 
than the eastern and southern parts of a coastline.  They attributed this higher rate of sediment 
supply to the convergence of longshore currents in this region of the coast as well as the 
reworking of a large number of relict fluvial channels and tidal inlets on the inner shelf, which 
provides a local source of sediment in close proximity to this segment of the Texas coastline 
where Matagorda Island, St. Joseph Island, and Mustang Island are located (Rodriguez et al., 
2000). 
 The Kujukuri coastal plain along the eastern coast of Japan represents another Holocene 
progradational shoreface succession that has been influenced by the reworking of sediments from 
the continental shelf.  According to a study conducted by Tamura et al. (2003), the Kujukuri 
coastal plain is a region that has a relatively low sediment supply, and the majority of the 
sediment supplied to the coastal plain comes from local rivers and the erosion of coastal cliffs 
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nearby.  Although the study determined that the current continental shelf is sediment starved, it 
showed that the older Holocene shoreface successions along the Kujukuri coastal plain contain 
sediments (particularly late Pleistocene terrigenous and early Holocene transgressive deposits on 
top of the ravinement surface) that were reworked from the continental shelf by storm waves and 
incorporated into the lower shoreface successions (Tamura et al., 2003).    
 The Period III progradational shoreface successions (127 ridges at the widest part) along 
the Costa de Nayarit were constructed between 3,600 – 1,500 years ago (Fig. 7) (determined 
from radiocarbon dating done by Curray et al., 1969).  According to Curray et al. (1969), an 
abrupt climate change (from warm to cold) occurred between the formation of Period II and 
Period III successions, resulting in a shift in the wind regime affecting the region.  As a result, 
the longshore current direction shifted from north to south in the north central and northern part 
of the coastline during Period III ridge formation (Curray et al., 1969).  However, to the north of 
the mouth of the RGS/RSP paleo-river system in the central part of the coast, the coastline 
prograded rapidly during Period III, which suggests that the longshore current transport was still 
to the north in this part of the coast (Curray et al., 1969).  In this region, the presence of a local 
unconformity subdivides the Period III shoreface successions (beach ridges) into Period IIIa and 
Period IIIb successions, with the unconformity being attributed to possible fluctuations in 
discharge patterns at the river mouth (Curray et al., 1969).  Curray et al. (1969) determined that 
the average rate of formations for an individual succession (beach ridge) within Period III was 
16.5 years, a bit longer than the rate of formation during Period II.  They also attributed this to 
the change in climate, stating that a possible stormier climate during this period resulted in 
longshore bars being destroyed by intense wave action before they could be built above sea-level 
(Curray et al., 1969). 
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 The Period IV progradational shoreface successions (80 ridges at the widest part) were 
constructed between 1,500 – 500 years ago (Fig. 7) (determined from radiocarbon dating done by 
Curray et al., 1969).  The transition in construction of Period III to Period IV successions was 
also accompanied by an abrupt climate shift back to a warmer climate, which changed the wind 
regime on the region once again and shifted the longshore current direction from south back to 
north in the north central and northern part of the coast (Curray et al., 1969).  Curray et al. (1969) 
determined an average rate of 12.5 years for the construction of an individual shoreface 
succession (beach ridge) during Period IV.  During the middle of Period IV, a minor distributary 
river originated from the Rio Grande de Santiago and flowed southward across the pre-
transgressive Pleistocene alluvium and the Period III successions built to the south of the 
RGS/RSP paleo-river mouth, entering the Pacific Ocean at the location of the modern Rio 
Grande de Santiago (Curray et al., 1969).  However, the Rio Grande de Santiago did not occupy 
this course until the end of Period IV around 500 years ago, at which time it separated from the 
Rio San Pedro and avulsed south to its current position (Curray and Moore, 1969). 
 Following the separation of the Rio Grande de Santiago from the Rio San Pedro, the 
center of sediment deposition shifted to the south and a new delta was constructed by the Rio 
Grande de Santiago in the form of the Period V progradational shoreface successions (beach 
ridges) (Fig. 7) (Curray et al., 1969).  Along with the delta, a new flood plain for the Rio Grande 
de Santiago was developed during this period, covering the Period III and Period IV shoreface 
successions that were constructed to the south of the RGS/RSP paleo-river mouth (Curray et al., 
1969).  The shift in sediment discharge to the south changed the depositional balance along the 
entire southern part of the coastline, resulting in a realignment of the coastline and erosion of 
some parts of the Period III and Period IV successions that were constructed north of the 
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RGS/RSP paleo-river mouth (Curray et al., 1969).  The shift also resulted in the cessation of 
shoreface (beach ridge) formation along the coastline north of the RGS/RSP paleo-river mouth 




 In the spring of 2007, Dr. Mike Blum and his master‟s student Jill Hattier-Womack went 
to the Costa de Nayarit and collected the data set that was used for this thesis.  They collected 
sand samples from three major river systems supplying sediment to the Costa de Nayarit (Rio 
Grande de Santiago, Rio San Pedro, and Rio Acaponeta) as well as numerous locations on the 
modern beaches of the coast (shown in Fig. 8).  The modern beach samples were collected from 
the foreshore facies at each location, while the modern river samples were collected from 
trenches dug in the point bar facies.  A number of cores were also collected from different 
locations on the progradational shoreface succession (beach ridges) of the Costa de Nayarit 
(shown in Fig. 9), using a vibracore.  Sand samples were collected from different depth intervals 
below the developed soil horizon (typically about 1m) within each core.  The sand samples were 
chosen based on stratigraphic positioning along both strike and dip orientations in order to try 
and establish if there are any major source variations throughout the progradational shoreface 
succession.   
 Thin sections were made from each sand sample by LSU geological technician Rick 
Young.  These thin sections were made by mounting the sand grains in standard mounting epoxy 
on 48 x 22mm glass slides.  Studying these thin sections provided a great deal of information 
regarding the provenances of sediment on the Costa de Nayarit as well as insight into where the 
sediments constructing the Holocene shoreface succession ultimately originated (i.e. entirely 
from the river systems, entirely from reworking and mobilization of Pleistocene shelf sediments, 




Fig. 8 – Satellite image showing the locations at which sand samples were collected from 
modern rivers and beaches of the Costa de Nayarit, western Mexico.  River sand samples were 
collected from point bar facies, while modern beach sands were collected from the foreshore 
sand facies.  (Modified from www.zulu.ssc.nasa.gov/mrsid/)  






Fig. 9 - Satellite image showing the locations from which cores were collected on the 
progradational shoreface succession (beach ridges) along the Costa de Nayarit, western Mexico.  
(Modified from www.zulu.ssc.nasa.gov/mrsid/)   





   
Thin Section Descriptions 
 All of the thin sections (34 in total) were described using a polarizing light microscope 
with 4x, 10x, and 20x objective lenses.   Each thin section was described and broken down into 
categories of primary and accessory grains, with the optical properties described in as much 
detail as possible for each grain type.  Because these thin sections are grain mounts, it was 
extremely difficult to obtain optic figures (interference figures) for the different minerals and 
grains present because of the random orientations of the sand grains.  When looking for optic 
figures, it is important to choose grains without cracks or flaws so that light can pass through 
them without disruption and it is often necessary to find grains with a specific orientation (the 
Optic Axis in a vertical position) (Perkins and Henke, 2004) in order to correctly view optic 
figures.  The grains present in these thin sections rarely met this criterion, so optic figures were 
completely omitted from the description process.   
 
Beach Ridge Core Descriptions 
 A total of 15 sediment cores, ranging from 3.5 to 8 meters in length, were collected from 
the progradational shoreface succession (beach ridge complex) on the Costa de Nayarit using a 
vibracore capable of extracting continuous and discontinuous 3” diameter samples up to ca. 9 m 
in depth (Garvin, 2008).  Of these 15 sediment cores, only 11 of them were used during this 
study (shown in Fig. 9).  The other 4 cores (Core 2, Core 4, Core 8, and Core 14) were omitted 
because they are almost entirely composed of mud with some shells and organic material.  They 
had very little or no sandy intervals from which sand samples could be collected for thin section 
analysis, thus they fell outside the primary scope of this project.  Each core was examined 
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alongside a high-resolution core image and described based on their sedimentological 
characteristics.  The cores were described in order to establish any major source variations or 
facies changes throughout the prograding shoreface succession both to the north and south of the 
tidal inlet (near Laguna Agua Brava) on the Costa de Nayarit.   
 
Scanning Electron Microscope (SEM) and Microprobe Analyses 
 Detailed scanning electron microscope (hereafter SEM) and Microprobe chemical 
analyses were conducted on the 3 river sand thin sections (Sand 3: Rio San Pedro, Sand 5: Rio 
Grande de Santiago, and Sand 9: Rio Acaponeta) to aid in correctly identifying volcanic rock 
fragments and individual mineral grains.  These analyses were important because many of the 
volcanic rock fragments and mineral grains present in these thin sections have similar optic 
properties under the petrographic microscope, sometimes making them hard to distinguish from 
one another.  SEM and Microprobe chemical analyses provided another tool by which similar 
looking rock fragments and mineral grains could be differentiated from one another. 
 They were first analyzed in the SEM using Energy-Dispersive X-Ray Spectroscopy 
(hereafter EDS).  The grains that were primarily targeted for EDS spectral analysis were the 
volcanic rock fragments (basalt, andesite, rhyolite, and welded ash flow tuff (hereafter WAFT) 
rock fragments, plagioclase phenocrysts within the volcanic rock fragments (basalt, andesite, and 
rhyolite), and colorless low relief mineral grains (quartz, k-feldspar, and plagioclase feldspar) 
having similar optic properties.  For the volcanic rock fragments, EDS spectral measurements 
were taken from large areas (ranging from 25 to 40 μm in size) in order to obtain a chemical 
analysis that was representative of the different mineral grains that make up the rock fragments.  
For the individual colorless mineral grains and volcanic rock fragments containing subhedral to 
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euhedral plagioclase phenocrysts easily visible, EDS spectral measurements were taken from 
individual points (~ 5 μm) within those grains.   
 Microprobe chemical analysis was conducted on the samples from the Rio Grande de 
Santiago (Sand 5) and the Rio San Pedro (Sand 3).  Plagioclase phenocrysts within basalt, 
andesite, and rhyolite rock fragments were the primary target for the chemical analyses, with the 
goal of determining the plagioclase composition within these rock fragments.  This was 
important because the plagioclase present within basalt and andesite (An80-40) is much different 
than that present within rhyolite (An25-0).  Other grains that were targeted for Microprobe 
analysis were individual plagioclase grains (calcium and sodium rich grains) and a few volcanic 
glass grains.  Prior to each Microprobe analysis session, the Lake County Plagioclase standard 
was analyzed to ensure that the Microprobe was calibrated and working correctly.  Upon 
completion of all the Microprobe analyses, plagioclase compositions (for both phenocrysts and 
individual grains) were calculated based on their oxide weight percentages using an excel 
spreadsheet provided by Dr. Xiaogang Xie.   
  
Point Counting 
 Point counting was used in order to develop unique sediment signatures for the three 
major river systems of the Costa de Nayarit as well as for the sediments being delivered to the 
modern beaches via long shore and onshore current transportation.  Point counting grain mount 
slides in terms of the number of grains and the percentage of different grains within an individual 
sample is a commonly used tool for interpreting such things as sediment source area and 
dispersal patterns in different depositional environments (Galehouse, 1971).  The unique 
sediment signatures that were produced by point counting the river sand and modern beach sand 
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thin sections provide a comparative tool by which the ultimate source of the Holocene shoreface 
succession (beach ridge) sand along the Costa de Nayarit could be determined (i.e. entirely from 
the river systems via long shore current transportation, entirely from reworking and onshore 
transportation of Pleistocene shelf sediments, or from a combination of both). 
 Thin sections were point counted on a polarizing light microscope with 4x, 10x, 20x, and 
40x objective lenses.  Attached to the microscope Prior Model G Automatic Point Counter Unit 
which stored all of the point count data and controlled the vertical movement of the mechanical 
stage following each grain counted.  The point counting unit was set up so that following each 
grain count or stage only movement the stage would move 3 steps vertically, which was 
equivalent to 450 microns of vertical movement.  In order to ensure that the grains being counted 
fell upon a straight line, the microscope stage was locked in a stationary position (265-0) prior to 
each stage movement.  Once all the grains were counted on a particular line, the mechanical 
stage was reset to the starting position and the slide was moved 1mm horizontally to where the 
next line of grains was counted.  This grid spacing pattern (shown in Fig. 10) was applied to all 
the thin sections that were point counted. 
One question that commonly arises during investigations involving point count analysis 
of grain mounts is how many grains must be counted per sample in order to be confident with the 
point counting results (Galehouse, 1971).   For point count analysis in this study, it was decided 
that 500 grain counts per sample would be sufficient to obtain confident results.   Eight different 
grain categories were selected to conduct the analysis: (1) basalt/andesite rock fragments; (2) 
rhyolite rock fragments; (3) welded ash flow tuff rock fragments; (4) untwinned grains (quartz 
and untwinned k- feldspars); (5) twinned grains (plagioclase and twinned k-feldspars); (6) shell  
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Fig. 10 – Grid spacing pattern applied to all the thin sections that were used for point count 
analysis.     
 
fragments; (7) organic material; and (8) other grains (clinopyroxene, olivine, iron oxides, biotite, 
chlorite, and volcanic glass).  Because the Costa de Nayarit is proximal to the sediment source 
regions (the SMO and TMVB), there is good preservation of entire rock fragments within the 
sediment load of the river systems.  These rock fragments played a vital role in helping establish 
a unique sediment signature for the three river systems.   
 The categories untwinned and twinned grains were created in order to lump grains with 
these characteristics together because the presence of these particular grain types (which 
primarily consist of quartz, k-feldspars, and plagioclase feldspars) could have originated from the 
eroding of a number of different rock types.  Because these individual grains are not in-situ 
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within any whole rock fragments, they are not very useful when trying to determine their source 
rocks.  However, since these grains are highly resistant to weathering, and their presence could 
provide some insight into the degree of reworking and onshore transportation of Pleistocene 
shelf sediments that have been incorporated into the prograding shoreface succession throughout 
the Holocene. 
 The sands that were studied in thin section ranged from medium to very fine grained,  
moderately to well-sorted sand.  Due to time constraints, sieve analysis was not conducted on 
any of the sand samples used in this research; rather, grain size estimations were made during 
thin section analysis.  The largest grain fraction (medium sand)  is typically made up of volcanic 
rock fragments, in particular rhyolite and WAFT rock fragments.  Basalt/Andesite rock 
fragments usually fell within both medium and fine grained sand fractions, however they are 
typically finer grained than the rhyolite and WAFT rock fragments.  The fine to very fine grained 
sand fraction predominately consists of quartz, k-feldspars, plagioclase feldspars, clinopyroxene, 
olivine, iron oxide, biotite, chlorite, volcanic glass, shell fragments and organic material. 
Of the 34 thin sections that were described and used for this thesis, only 19 of these thin 
sections were selected for point count analysis.  The thin sections that were of major importance 
for point counting and development of the unique sediment signatures were the 3 river sand thin 
sections (Sand 3: Rio San Pedro, Sand 5: Rio Grande de Santiago, and Sand 9: Rio Acaponeta) 
and 7 modern beach sand thin sections (Sand 2, Sand 6, Sand 8, Sand 11, Core Sand Samples 15-
1, 15-2, and 15-3).  The modern beach unique sediment signature was derived by taking these 7 
modern beach sand samples and averaging the values obtained for each of the 8 grain categories 
that were counted. 
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 The other 9 thin sections that were used for point count analysis came from the 
progradational shoreface succession (beach ridge) core sands.  One sample was chosen for point 
counting from each of the cores used in this thesis except for Core 9.  The thin sections chosen 
were all within a similar depth range, between 1.63 to 2.22 meters below the surface.  Thin 
sections between this depth range were chosen for analysis because: (a) it was important to make 
sure that the sand sample came from the upper shoreface of the targeted shoreface succession 
(beach ridge) and not the upper or lower shoreface of the next oldest shoreface succession (beach 
ridge) sitting behind it (Fig. 11); and (b) because selecting sand samples within the same depth 
range provides a good bench mark for comparing the point counting results from the different 
beach ridges with one another.  The main reason why the thin section for Core 9 was not point 
 
Fig. 11 – Diagram of the formation and accretion of progradational shoreface successions (beach 
ridges) along the coastline in a wave-dominated depositional environment.  The red box 
represents a core being taken from an individual beach ridge.  It is possible that the sediment 
cores used in this thesis are not entirely from one individual beach ridge; the cores might have 
encountered the lower foreset of the next oldest beach ridge.  Because of this, the samples used 
for point counting were selected from a target depth range of 1.63-2.22 meters in order to ensure 
that sands from the foreset of the targeted beach ridges were analyzed and not the foreset of the 








counted is because the sandy interval sampled within this core (3.79-3.84 meters) fell outside this 
target depth range. 
 
Statistical Analysis 
 For the statistical analysis, the point count data was broken down into three data sets: 1) 
the river samples, 2) the modern beach samples, and 3) the beach ridge core samples.  This was 
done in order to test the statistical validity of results obtained from similar samples sets.  The 
statistical analyses were run using the R version 2.11.1 statistical computing software.  Using this 
software, two different types of statistical tests were conducted; Pearson‟s chi-square test and 
Fisher‟s exact test. 
 The purpose of chi-square analysis is to “test for a difference between sets of counted 
data in categories” (Hammer and Harper, 2006).  Chi-square analysis addresses whether or not 
the distribution of category abundances are different across a given number of counted samples 
(Hammer and Harper, 2006).  For Pearson‟s chi-square test to be accurate, the number of counts 
in each category should be greater than five.  However if there are some categories that have  
less than five counts, the chi-square test will only be accurate if  it occurs in less than one-fifth of 
the cells for tables larger than 2 x 2 (Crawley, 2005).  The shell fragment and organic material 
categories obtained less than five counts in a majority of the samples, so these categories were 
removed from all of the data sets in order to ensure that less than one-fifth of the cells had values 
less than five, thus keeping Pearson‟s chi-square test accurate.   
The null hypothesis for this data set is that the sediment sample compositions (grain 
category abundances) from the different collection sites (rivers, modern beaches and shoreface 
succession cores) tested against one another are the same, thus indicating that the sediments have 
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the same origin.  The probability value (p-value) calculated from Pearson‟s chi-square test 
determines how close the data set is to fulfilling the null hypothesis.  If Pearson‟s chi-square test 
calculates a large p-value (> 0.05) for a given data set, then the null hypothesis is accepted for 
that data set (Crawley, 2005).  This means that the sediments collected from the different sites 
tested against one another have the same origin.  However, if the p-value calculated is very small 
(≤ 0.05), then the null hypothesis is rejected (Crawley, 2005), meaning that the sediments 
collected from the different sites tested against one another have different sources (or origins). 
Fisher‟s exact test is very similar to the chi-square test and it also tests for statistical 
differences in counted data sets.   It is primarily used for testing data sets with small sample 
sizes.  It can also be useful for testing data sets that have less than five counts in greater than 
one-fifth of the total number of cells.   A p-value is also calculated for Fisher‟s exact test, and 
like for Pearson‟s chi-square test, it also determines how close the tested data set is to fulfilling 
the null hypothesis.  If the p-value is relatively large (> 0.05), then the null hypothesis is 
accepted.  However if the p-value is relatively small (≤ 0.05), then the null hypothesis is rejected 
(Crawley, 2005). 
The samples tested against one another using Pearson‟s chi-square test were the river 
samples (Sand 3(RSP) vs. Sand 9 (RA); Sand 5 (RGS) vs. Sand 9 (RA); Sand 3 (RSP) vs. Sand 5 
(RGS)), the modern beach samples, the beach ridge core samples, the modern beach average vs. 
Sand 5 (RGS), the modern beach average vs. the beach ridge core average, and the beach ridge 
core average vs. Sand 5(RGS).  The only data set tested using Fisher‟s exact test was Sand 3 





River Sand Descriptions 
 River sand samples 3 (Rio San Pedro), 5 (Rio Grande de Santiago), and 9 (Rio 
Acaponeta) were collected from trenches dug in point bars at the locations shown in Figure 5.  
The sediments within these modern river systems are representative of the types of sediments 
that each river has been delivering to the Costa de Nayarit throughout the Quaternary.  Sediments 
from these river systems are being sourced from two different volcanic provinces within central 
and western Mexico (Van Andel 1964; Curray and Moore 1964b; Curray et. al, 1969); the felsic 
SMO being the source of sediments for the Rio San Pedro and the Rio Acaponeta, and the 
primarily mafic TMVB being the primary source of sediment for the Rio Grande de Santiago.  
These different sediment sources are easily distinguishable in thin section. 
 Sand 5 from the Rio Grande de Santiago is primarily composed of rhyolite rock 
fragments, quartz/untwinned feldspar grains, basalt/andesite rock fragments, and plagioclase 
feldspar grains.  Sand 3 and Sand 9 from the Rio San Pedro and Rio Acaponeta are primarily 
composed of rhyolite rock fragments, quartz/untwinned feldspar grains, WAFT rock fragments, 
and plagioclase feldspar grains.  The major difference between these samples is the presence or 
absence of basalt/andesite and WAFT rock fragments.  The high amount of basalt/andesite rock 
fragments (and low amount of WAFT) in Sand 5 is consistent with sediments being sourced 
from the mafic TMVB.  On the other hand, the high amount of WAFT rock fragments (coupled 
with the extremely low amounts of basalt/andesite rock fragments) in Sand 3 and Sand 9 gives 
the sediments characteristics of the SMO, which is primarily made up of felsic and pyroclastic 




Modern Beach Sand Descriptions 
 Sand samples 2, 6, 8, and 11 were collected from the foreshore facies of the modern 
beaches along the Costa de Nayarit at the locations shown in Figure 8.  These samples are 
representative of sediments that are currently being brought to the Costa de Nayarit via two 
processes; (1) longshore transportation of sediments from the Rio Grande de Santiago (currently 
the only one of the three major river systems of the Costa de Nayarit that reaches the Pacific 
Ocean), and (2) reworking and onshore transportation of sediments from the drowned 
Pleistocene delta of the RGS/RSP on the continental shelf.   The modern beach sands are 
primarily composed of rhyolite rock fragments, untwinned grains, and other grains which include 
clinopyroxene, olivine, iron oxides, biotite, chlorite and volcanic glass.  One of the primary 
characteristics of the modern beach sands that separate them from the modern river sands is the 
presence of shell fragments and organic material.  These grain types are primarily of marine 
origin, hence why they are not found in the modern river samples.  Another characteristic of 
these sand samples that differs from the modern river sand samples is the presence of  rounded to 
subrounded  biotite and chlorite grains.  Because these grain types are predominantly present 
within the modern beach sand samples, their presence serve as an indicator for reworking of 
sediments from the continental shelf being incorporated into the modern beach sand.  These 
modern beach sand samples are described in greater detail in Appendix B. 
 
Beach Ridge Core Sand Descriptions 
 Numerous sand samples were collected from the progradational shoreface succession 
(beach ridge) cores taken from the Costa de Nayarit at the locations shown in Figure 9.  The 
samples collected from these cores and made into thin sections were chosen based on 
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stratigraphic positioning along both strike and dip orientations to try and establish variations in 
the provenance and origin of the sediments that make up the shoreface successions.  This is 
important because during the previous sea-level lowstand and construction of the Pleistocene 
delta on the continental shelf, the Rio Grande de Santiago and the Rio San Pedro flowed together 
in the same channel (Curray and Moore, 1964; Curray et. al, 1969).  These two river systems 
continued to flow together during the early Holocene rise in sea-level, restabilization of the 
coastline and construction of the oldest shoreface successions along the modern Costa de Nayarit 
from 4750-500 years ago (late Holocene RGS/RSP paleo-river channel shown in Fig. 6).  The 
Rio Grande de Santiago then avulsed to the south, where it has been depositing sediment and 
building new progradational shoreface successions (beach ridges) at its current location since 
500 years ago (Curray et. al, 1969). 
 During the description process, the core thin sections were separated into two different 
suites, the southern core thin sections (Cores 5, 6, 7, 12, and 13) which were collected from the 
southern shoreface succession (beach ridges), and the northern core thin sections (Core 1, 3, 9, 
10, 11, and 15) collected from northern shoreface succession (beach ridges) (Fig. 6).  At least 
two sand samples, in most cases three, were collected and described from each core with the 
exception of core 9, which contained only one good sandy interval.  Each beach ridge core sand 
sample is described with great detail in Appendix C. 
 
Beach Ridge Core Descriptions 
 The locations from which the prograding shoreface succession (beach ridge) cores were 
collected along the Costa de Nayarit are shown in Figure 9.  Their associated sedimentological 
description logs and the positions from which sand samples were taken from within each core for 
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thin section analysis are shown in Appendix D.  A common characteristic of all of these cores, 
with the exception of the cores taken from the modern beach (Core 3 and Core 15), is a 
developed soil horizon in the uppermost sediment section.  These soil horizons typically range 
from 0.85 – 1.30 meters at the top of each core, and are characterized by an increase in the mud 
(silt and clay) matrix content and in some cases organic material.  These layers can range from 
dark brown, gray, dark gray to black in color, with increased organic material typically present in 
the dark gray and black layers of the horizon. 
 The cores from the southern shoreface succession (beach ridges) (Cores 5, 6, 7, 12, and 
13) are almost entirely composed of sand ranging from coarse to very fine grained sand that is 
poor to moderately stratified and contains no mud with the exception of Core 5.  There are also 
medium to fine grained shell fragments and organic material mixed in with the sand, and there 
are some layers within each that are highly concentrated in shell fragments and organic material.  
Core 5 was taken from one of the oldest shoreface successions (beach ridges) along the Costa de 
Nayarit and is currently in a semi-lagoonal setting, which could explain why it is the only one of 
the southern cores that contains a mud layer.   
The cores taken from the northern shoreface succession (beach ridges) (Cores 1, 9, 10, 
and 11) on the other hand have at least one thick mud layer (< 20cm) mixed in with medium to 
very fine grained sand that is poor to moderately stratified.  Core 9 is almost entirely mud and it 
contains one sandy interval roughly 1.2 meters thick.   There are also significant amounts (more 
than within the southern cores) of coarse to fine grained shell fragments and organic material 
mixed in with the sand in these cores.  Cores 3 and 15 do not contain any mud layers because 
they were collected from the modern beach.  However, these modern beach cores contain 
significant amounts of shell fragments and organic material, and there are also whole halves of 
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bivalve shells preserved within them.  Whole bivalve shell halves are also preserved within cores 
1 and 10.  Each core is described with great detail in Appendix D. 
 
SEM and Microprobe Data 
 The EDS spectral signatures for basalt and andesite rock fragments (Fig. 12a) are very 
similar to one another and contained elements in proportions (intensities) that are characteristic 
of mafic and intermediate type volcanic rocks.  This was determined by comparing the intensities 
of elements within these rock fragments with those that were obtained from the standards 
analyzed for basalt and andesite volcanic rocks at the beginning of the SEM analysis.   The 
presence of iron and titanium within these rock fragments is consistent with the fact that these 
elements are primarily found in minerals that form within mafic and intermediate rock types.   
Another elemental signature within these rock fragments consistent with mafic and intermediate 
rock types is the proportion of calcium to sodium.  Basalts and andesites typically contain higher 
or equal proportions of calcium to sodium (elements primarily coming from plagioclase), which 
was consistent within all of the basalt and andesite rock fragments analyzed. 
The EDS spectral signatures for rhyolite and WAFT rock fragments (Fig. 12b and 12c) 
are also very similar to one another and contain elemental proportions that are characteristic of 
felsic volcanic rocks. The presence of a significant proportion of potassium and sodium, coupled 
with absence of calcium, iron, and titanium (all which are abundant within mafic and 
intermediate rocks), is characteristic of felsic end-member rocks.  Some of the EDS spectral 
analyses run on rhyolite rock fragments displayed low intensities of calcium, however this is 





Fig. 12 – EDS spectral analysis curves for: a) basalt/andesite rock fragment; b) rhyolite rock 
fragment; and c) WAFT rock fragment.  The x-axis is energy (in keV) and the y-axis is intensity.    
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sodium for calcium and although the plagioclase within felsic end-member rocks is sodium rich 
it can still contain small amounts of calcium within its chemical composition. 
Microprobe chemical analysis is quantitative compared to the qualitative EDS spectral 
analysis.  Measurements were taken of the weight percentages for different oxides (SiO2, TiO2, 
Al2O3, Cr2O3, FeO, MnO, MgO, CaO, Na2O, and K2O) present within each plagioclase grain 
(phenocrysts within volcanic rock fragments and individual grains) analyzed from the Rio 
Grande de Santiago and Rio San Pedro thin sections.  These oxide weight percentages were used 
to calculate the plagioclase compositions of the different grains and phenocrysts analyzed from 
these river sand samples.  The compositions obtained from plagioclase phenocrysts within the 
volcanic rock fragments were useful in making sure that they were identified correctly during the 
description process and to make sure that they continued to be correctly identified throughout 
point counting.  The raw data obtained from the Microprobe chemical analyses of grains from 
the Rio Grande de Santiago and Rio San Pedro is given in Appendix E. 
Figure 13 shows the Microprobe chemical analysis (oxide weight percentages) obtained 
and plagioclase compositions calculated for plagioclase phenocrysts within: (a) a basalt rock 
fragment; (b) an andesite rock fragment; and (c) a rhyolite rock fragment.  All of the rock 
fragments shown with analysis in Figure 13 are from the Rio Grande de Santiago sand sample 
(Sand 5).  The basalt and andesite rock fragments contain euhedral plagioclase phenocrysts with 
compositions relatively close to one another (An56 and An45 respectively) that are consistent with 
plagioclase compositions typically found within mafic and intermediate volcanic rocks.  The 
rhyolite rock fragment contains subhedral to euhedral plagioclase phenocrysts with a 
composition (An2) of albite, the sodium end-member plagioclase that typically forms in felsic 




Fig. 13 – Oxide weight percentages and plagioclase compositions calculated for: a) basalt rock 
fragment; b) andesite rock fragment; and c) rhyolite rock fragment.  The weight percentages and 
plagioclase compositions shown come from plagioclase phenocrysts analyzed from within the 




phenocrysts and individual plagioclase grains from the Rio Grande de Santiago and Rio San 
Pedro river samples are shown in Appendix E. 
 
Point Count Data 
 Of the 34 total thin sections that were studied for this thesis research, only 19 were 
selected for point counting.  All of the results obtained from point counting are displayed in 
Appendix F.  The thin sections that were of the highest importance for point counting purposes 
are the three modern river samples (Sand 3, Sand 5, and Sand 9) and the seven modern beach 
samples (Sands 2, 6, 8, 11 and Core Sands 15-1, 15-2, and 15-3).  Based on the count data 
obtained from these thin sections, a unique sediment signature was developed for each river 
system and the modern beach (an average value calculated from the seven modern beach samples 
counted) for which comparisons could be made between these signatures and the prograding 
shoreface succession (beach ridge) core samples.  The point counting outcomes for the Rio 
Grande de Santiago, Rio San Pedro, Rio Acaponeta, and the modern beach sand averages are 
shown graphically in Figure 14. 
 Figure 14a is a graph comparing the number of counts in each grain category (with their 
associated error margin of two standard deviations) for the Rio Grande de Santiago, Rio San 
Pedro, and the Rio Acaponeta.  The number of counts for the Rio San Pedro and the Rio 
Acaponeta sand samples are very similar in each category, with the most abundant grain types 
being rhyolite rock fragments, untwinned grains, and WAFT rock fragments.  However, the 
number of counts for the Rio Grande de Santiago sand sample vastly differs from the counts of 
the other two rivers in almost every grain category.  The most abundant grain types in the Rio 




Fig. 14 – Graphic comparisons of the total number of point counts in each grain category for: a) 
the river sand samples; and b) the river sand samples and the modern beach average.  The 
numbers on top of each bar represent the error margin (two standard deviations) that is 
associated with the number of counts for that grain category.    
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fragments.  Although the two most abundant grain types are the same for all three rivers (rhyolite 
rock fragments and untwinned grains), the number of counts in these grain categories for the Rio 
Grande de Santiago sample (236 and 141 counts) are quite different from counts for the Rio San 
Pedro (310 and 99 counts) and the Rio Acaponeta (297 and 84 counts). 
Figure 14b is a graph comparing the number of counts for the modern beach average 
(which was calculated from the seven modern beach sand samples point counted) with the three 
river sand sample counts.  The counts for the modern beach average are also quite different than 
those of the three river systems in most categories.  The most abundant grain types from the 
modern beach sand samples are rhyolite rock fragments, untwinned grains, and other grains 
(clinopyroxene, olivine, iron oxides, biotite, chlorite and volcanic glass).  Although the two most 
abundant grain types are the same as the three river systems, the modern beach sand average 
counts for these categories are much different than all of the river systems.  The modern beach 
sand average also has counts for the shell fragments and organic material categories, which had 
no counts in the three river samples. 
 Figure 15 graphically compares the total percentage (of sample) for each category 
counted from the northern and southern shoreface succession (beach ridge) core samples to the 
total percentages of the river samples and modern beach average.  The locations of the northern 
and southern shoreface succession (beach ridge) cores can be found on Figure 9.  Figure 15a 
compares the percentages from the southern shoreface succession (beach ridge) core samples (5-
1, 7-1, 6-1, 12-1, and 13-1) to the percentages from the Rio Grande de Santiago, Rio San Pedro, 
and the modern beach average.  The graph displays the percentages of the river samples and the 




Fig. 15 – Graphs comparing the total percentage of sample in each grain category for: a) the 
southern beach ridge core suite; and b) the northern beach ridge core suite.  The percentages for 
the southern beach ridge cores are compared with the Rio Grande de Santiago, Rio San Pedro, 
and the modern beach average percentages, while the percentages for the northern beach ridge 
cores are compared with the Rio Acaponeta and the modern beach average percentages.  
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oldest (5-1) to youngest (13-1) shoreface succession (beach ridge) core sample in each category.  
The southern core samples have percentages very similar to the modern beach average 
percentages for each category.  
Figure 15b compares the percentages from the northern shoreface succession (beach 
ridge) core samples (11-1, 1-1, 10-1, 3-2, and 15-2) to the percentages from the Rio Acaponeta 
and the modern beach average.  The graph displays the percentages of the Rio Acaponeta sample 
and the modern beach average first followed by the core samples, with the percentages for these 
samples also arranged from the oldest (11-1) to youngest (15-2) shoreface succession (beach 
ridge) core in each category.  Like the southern core samples, the northern core samples also 
have percentages that are very similar to the modern beach average percentages for each grain 
category. 
Ternary diagrams were made from the point count data so that another type of 
comparison could be made between the river and modern beach samples as well as the beach 
ridge core samples.  The diagrams were made using the PAST paleontological statistics software.  
The three grain categories chosen to construct the ternary diagrams were basalt/andesite rock 
fragments, rhyolite rock fragments, and untwinned grains (quartz/untwinned feldspars).   The 
counts for each of these grain categories were added up and percentages were calculated so that 
the data could be used on the ternary diagram. These categories were chosen because they are the 
grain types that are most representative of the different sources of sediment.  The basalt/andesite 
rock fragments are most predominant in the Rio Grande de Santiago, making its sediment easily 
distinguishable from the Rio San Pedro, Rio Acaponeta, and the modern beach sediments.   
Rhyolite rock fragments are a major component of all four of these systems, however 




Fig. 16 – Ternary diagram with the point count percentages plotted for basalt/andesite rock 
fragments, rhyolite rock fragments, and untwinned grains (QTZ/UTF) from the Rio Grande de 
Santiago, Rio San Pedro, Rio Acaponeta, and the modern beach average. 
 
grains are also a primary component of all four of these systems, however they are most 
predominant in the modern beach sands shown by the modern beach average.  The ternary 
diagram with data plotted from the Rio Grande de Santiago, Rio San Pedro, Rio Acaponeta, and 
the modern beach average is shown in Figure 16. 
The data from the Rio Grande de Santiago, Rio San Pedro, Rio Acaponeta, and the 
modern beach average all plot at different locations on the ternary diagram.  The Rio San Pedro 
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and Rio Acaponeta samples plot very close to one another near the rhyolite rock fragment end of 
the diagram, which was to be expected since these two rivers primarily obtain sediment from the 
felsic SMO.  The Rio Grande de Santiago plots closest to the basalt/andesite end of the ternary 
diagram, which was also expected since a good amount of sediment for this river is sourced from 
the mafic TMVB.  The modern beach average plots nearest to the untwinned grains (QTZ/UTF) 
end of the diagram.  Plotting the percentages for the southern and northern shoreface succession 
(beach ridge) core samples on the ternary diagram along with the river samples and modern 
beach average allows for another means of direct comparison.  The ternary diagrams with data 
plotted for the southern and northern shoreface succession (beach ridge) core samples along with 
the river samples and modern beach average are shown in Figure 17.   
 Figure 17a shows the ternary diagram for the southern beach ridge cores along with the 
river samples and modern beach average.  All of the samples plot relatively close to the modern 
beach sand average.  Core sample 12-1 plots the furthest away from the modern beach average 
because it has the higher percentage of basalt/andesite rock fragments and a lower percentage of 
untwinned grains than the other southern core samples.  Sample 6-1 has a higher percentage of 
untwinned grains and lower percentage of rhyolite rock fragments than the modern beach 
average, while sample 5-1 almost has the exact same percentages of the modern beach average 
however it has a slightly higher percentage of untwinned grains.  Samples 7-1 and 13-1 both 
have higher percentages of rhyolite rock fragments and lower percentages of untwinned grains 
than the modern beach average. 
 Figure 17b shows the ternary diagram for the northern beach ridge cores along with the 
river samples and modern beach average.  Like the southern beach ridge cores, all of the northern 




Fig. 17 - Ternary diagram with the point count percentages plotted for basalt/andesite rock 
fragments, rhyolite rock fragments, and untwinned grains (QTZ/UTF) from the: a) southern 
beach ridge cores; and b) northern beach ridge cores.  The black circle indicates the grouping 
location of the southern beach ridge core suite.  The arrows show the general maturity trend of 
the rock fragments for: „a‟ – mechanical breakdown; „b” – chemical breakdown 
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lower percentage of basalt/andesite rock fragments and slightly higher percentages of untwinned 
grains than the modern beach average.  Higher percentages of untwinned grains mean that the 
northern core samples also have lower percentages of rhyolite rock fragments than the modern 
beach average.  All of the raw data for the ternary plots is shown in Appendix F. 
Cluster diagrams were also made from the point count data to provide another tool by 
which comparisons could be made between the river sand samples, the modern beach sand 
samples, and the beach ridge core samples.  The diagrams were made using the R statistical 
computing software.  The cluster diagrams utilize all eight grain categories as opposed to only 
three grain categories like the ternary diagrams.  Since all of the grain categories are taken into 
account for these diagrams, more precise comparisons can be made between the samples. 
 Figure 18 is a cluster diagram that compares the three river sand samples with the seven 
modern beach sand samples.  Like the ternary diagram and the point counting graphs, the cluster 
diagram shows that the Rio San Pedro (Sand 3) and the Rio Acaponeta (Sand 9) samples are very 
similar to one another as they occupy the same branch of the diagram.  The Rio Grande de 
Santiago (Sand 5) sample plots closer the modern beach samples.  This indicates that the modern 
beach sands are more similar to sands from the Rio Grande de Santiago than the Rio San Pedro 
and Rio Acaponeta.  All the modern beach sand samples are very similar to one another, with 
Sand 2, Sand 6, Sand 11, and Core Sand 15-1 plotting on the same branch, while Sand 8, Core 
Sands 15-2 and 15-3 plot together on the opposite side of that branch. 
 Figure 19 is the cluster diagram which compares the river sand samples and the modern 
beach sand average values against the beach ridge core sand samples.  The cluster diagram 
shows the core samples clustering on the same branch as the modern beach average.  In this 




Fig. 18 – Cluster diagram showing the relationship between the river and modern beach sand 
samples established via point counting.  Sand 3 is from the Rio San Pedro, Sand 5 is from the 
Rio Grande de Santiago, and Sand 9 is from the Rio Acaponeta.  Sands 2, 6, 8, and 11 represent 
modern beach sands while core samples 15-1, 15-2 and 15-3 represent sands collected from a 
modern beach core.  This cluster diagram was constructed based on the point counts obtained for 




Fig. 19 - Cluster diagram showing the relationship between the river sand samples, the modern 
beach average value, and the beach ridge core sand samples established via point counting.  Sand 
3 is from the Rio San Pedro, Sand 5 is from the Rio Grande de Santiago, and Sand 9 is from the 
Rio Acaponeta.  The modern beach average (MB Average) was calculated from the seven 
modern beach samples shown in Fig. 19.  This cluster diagram was constructed based on the 





branch as the beach ridge core samples and the modern beach average, while the Rio San Pedro 
and the Rio Acaponeta samples plot together on the opposite side of these samples.  This means 
that the progradational shoreface succession (beach ridge) core samples are more closely related 
to sands from the Rio Grande de Santiago than sands from the Rio San Pedro and the Rio 
Acaponeta. 
Principal component analysis (PCA) was also conducted on the point count data in order 
to provide another means of comparison between the river sand samples, the modern beach sand 
samples, and the beach ridge core sand samples.  PCA was run using the PAST paleontological 
statistics software.  The shell fragment and organic material categories were not included for the 
PCA.  The PCA plot (Fig. 20) shows good correlation between the beach ridge core sand 
samples and the modern beach sand average.  The plot also shows the components (sediment 
sources) that control the sample compositions of the three sample groupings.  The samples 
grouped in quadrant I are indicative of sediments sourced from the Trans-Mexican Volcanic 
Belt, the samples grouped in quadrant II are indicative of a mixed sediment source (longshore 
transported RGS/RSP paleo-river sand and reworked continental shelf sand) and the samples 
grouped in quadrant III are indicative of sediments sourced from the Sierra Madre Occidental. 
 
Statistical Analysis 
 The first point count data set analyzed using the R computing software was the river sand 
samples.  Each river sample was tested against one another using Pearson‟s chi-square test in 
order to determine if the null hypothesis would be accepted or rejected for the samples being 
compared.  When the samples from the Rio San Pedro (Sand 3) and the Rio Acaponeta (Sand 9) 






Fig. 20 – Principal component analysis (PCA) plot based on point count data from the Rio Grande de Santiago, Rio San Pedro, Rio 
Acaponeta, the modern beach sand average and the beach ridge core sands.  The plot shows the relationship between these samples 






)  = 7.0454 , degrees of freedom (df) = 5, and probability value (p-value) = 0.2173.  
Along with the calculated values for these variables, the R program gave a warning message 
stating that the chi-square approximation may be incorrect.  This message appeared because 
three of the cells from these two samples had values less than five, which was greater than one-
fifth the total number of cells (2.4 out of 12).  Because of this, Fisher‟s exact test was also run for 
these samples and a p-value of 0.2314 was calculated.  Based on the p-values obtained for 
Pearson‟s chi-square test and Fisher‟s exact test, the null hypothesis is accepted when comparing 
these two samples. 
 Samples from the Rio Grande de Santiago (Sand 5) and the Rio Acaponeta (Sand 9) were 
compared against one another, and the calculated outcomes for each variable were:X
2
 = 
167.0416, df = 5, and p-value = 2.2e
-16
.  The samples from the Rio Grande de Santiago (Sand 5) 
and the Rio San Pedro (Sand 3) were also compared also compared against one another, and the 
outcome for the variables were: X
2
 = 151.4442, df = 5, and p-value = 2.2e
-16
.  The p-value 2.2e
-
16
 is a recurrent value calculated for Pearson‟s chi-square test using the R computer program 
because it is the smallest non-zero number that the program can handle.  However since this very 
low p-value was obtained for both of these chi-square tests, the null hypothesis is rejected when 
comparing the Rio Grande de Santiago sample to the Rio San Pedro and the Rio Acaponeta 
samples. 
 The next data sets analyzed using the R computing software were the modern beach and 
beach ridge core samples.  All the modern beach samples (Sand 2, Sand 6, Sand 8, Sand 11, Core 
Sands 15-1, 15-2 and 15-3) were compared using Pearson‟s chi-square test.  The values 
calculated for variables in Pearson‟s chi-square test were: X
2
 = 82.1809, df = 30, and p-value = 
9.552e
-7
, thus the null hypothesis is rejected when comparing the modern beach sand samples.  
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The beach ridge core samples (Core Sands 1-1, 3-2, 5-1, 6-1, 7-1, 10-1, 11-1, 12-1, and 13-2) 
were also compared using Pearson‟s chi-square test.  The values obtained for the variables were: 
X
2
 = 115.5848, df = 40, and p-value = 2.881e
-9
.  As with the modern beach samples, the low p-
value means that the null hypothesis is also rejected when comparing the beach ridge core 
samples. 
Pearson‟s chi-square test was also run to compare the modern beach sand samples 
average and the beach ridge core sand samples average against the Rio Grande de Santiago 
sample (Sand 5).  These average values were compared to the Rio Grande de Santiago sample 
because it has supplied more sediment to the Costa de Nayarit throughout the Holocene than the 
Rio San Pedro and Rio Acaponeta.  The values obtained for the comparison between the modern 
beach sands average and Sand 5 were: X
2
 = 80.804, df = 5, and p-value = 5.697e
-16
.  The very 
low p-value indicates that the null hypothesis is rejected for this comparison.  The values 
obtained for the comparison between the beach ridge core sands average and Sand 5 were: X
2
 = 
80.4176, df = 5, and p-value = 6.862e
-16
, thus indicating that the null hypothesis is also rejected 
for this comparison. 
 The last comparison made with Pearson‟s chi-square test was between the modern beach 
sand sample average and the beach ridge core sand sample average.  The values calculated for 
the variables from the test were:  X
2
 = 2.3654, df = 5, and p-value = 0.7966.  A large p-value 
was obtained for this comparison, meaning that the null hypothesis is accepted when comparing 
these two averages.  The results for all the statistical analysis tests along with the R code for 





This study was designed to test specific hypotheses related to the origin of sands for the 
extensive barrier-strandplain system of the Costa de Nayarit along the west coast of Mexico.  
The following summarizes and discusses key findings. 
 Composition of River Sands 
 Van Andel (1964), Curray and Moore (1964b) and Curray et al. (1969) note that Nayarit 
barrier and strandplain sands are derived from the Rio Grande de Santiago, Rio San Pedro and 
the Rio Acaponeta, which are in turn derived from the basaltic to andesitic Trans-Mexican 
Volcanic Belt (TMVB) and the felsic Sierra Madre Occidental (SMO).  Thin section descriptions 
of sediment samples from the three river systems are consistent with known source terrains, and 
provide the necessary criteria to discriminate sources for the beach sands.  In particular, volcanic 
rock fragments are abundant in the sediment loads of each river system.  Sands from the Rio 
Grande de Santiago are a mixture of the two source terrains, and contain 39% (± 8%) rhyolite 
rock fragments, 23% (± 7%) quartz/untwinned feldspars, 16% (± 5%) basalt/andesite rock 
fragments, 8% (± 3%) twinned plagioclase and k-feldspars, 7% (± 3%) WAFT fragments, and 
5% (± 2%) “other” grains which include clinopyroxene, olivine, volcanic glass and iron oxides.  
By contrast, sands from the Rio San Pedro and the Rio Acaponeta are representative of the felsic 
volcanic rocks found in the SMO, with significantly larger percentages of rhyolite rock 
fragments (54-58% ± 9%), and < 1% basalt and andesite rock fragments.  Statistical analyses 
indicate no significant difference in sediment composition between the Rio San Pedro and Rio 
Acaponeta, whereas sediments from the Rio Grande de Santiago are significantly different from 
either of the other 2 systems.     
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The composition of sands from the Rio Grande de Santiago is especially interesting, in 
that it points to a longer-term geologic history than what might appear from analysis of the 
modern drainage basin.  As noted above, the Rio Grande de Santiago originates in the Lago 
Chapala, which is the present-day terminus of the Rio Lerma: in fact the drainage basin area of 
122,850 km
2
 cited for the Rio Grande de Santiago also includes the drainage basin area for the 
Rio Lerma.  The Rio Lerma drainage lies within the TMVB, whereas the majority of the Rio 
Grande de Santiago drainage lies within the southwestern SMO, with only a small part of the 
drainage area within the western TMVB.  Given the mixed composition in Rio Grande de 
Santiago sediments on the coastal plain, it seems likely that Lago Chapala is an ephemeral 
feature, and much of the TMVB sediment transported by the Rio Lerma has, over longer periods 
of time, passed through what is now the Lago Chapala to the Costa de Nayarit via the course of 
the Rio Grande de Santiago.  
 
Origin of Modern Beach Sands 
All of the river sand that is presently transported to the coastline is derived from the Rio 
Grande de Santiago because it‟s the only one of the three rivers that currently reaches the Pacific 
Ocean.  However, at some time earlier in the Holocene, the Rio San Pedro was merged with the 
Rio Grande de Santiago, and discharged to a common delta (see Fig. 7).  Hence, for some period 
of time, a mixed population of sands being sourced from the TMVB and SMO were delivered 
directly to the shoreline in the southern part of the Costa de Nayarit.  The timing of this merged 
system is not known, but, from geomorphic relationships, it was contemporaneous with the 
earliest generation of strandplain deposition.  
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All seven modern beach sand samples from the Costa de Nayarit are fine- to very fine 
grained, well-sorted sands with similar compositions, and are interpreted to have similar origins. 
The modern beach sediment signature, derived from the average of all seven samples described, 
consists of 41% (± 8%) rhyolite rock fragments, 33% (± 7%) quartz and untwinned feldspars, 
12% (± 4%) “other” grains which include biotite, chlorite, iron oxides, clinopyroxene, olivine, 
and volcanic glass, 4% (± 2%) WAFT rock fragments, 4% (± 2%) basalt/andesite rock 
fragments, 3% (± 1%) twinned plagioclase and k-feldspar, 1% shell fragments, and 1% organic 
material.  However, the amount of modern beach sand attributed to direct fluvial input vs. 
reworking from the continental shelf varies with sampling location.  As might be expected, 
samples collected proximal to the mouth of Rio Santiago (Sand 11, Sand 8) have greater 
similarities to the river sands than the samples collected furthest away (Sand 2 and Sand 6).   
More specifically, Sand 11 and Sand 8 (see Fig. 8), the two samples collected closest to 
the mouth of the Rio Grande de Santiago, have the highest amount of basalt and andesite rock 
fragments.  The cluster diagram in Figure 19, which compares the modern beach sand samples 
with the modern river samples, shows that Sand 8 is more similar to sands from the Rio Grande 
de Santiago than Sand 11, which is somewhat interesting considering Sand 11 was collected 
from a beach adjacent to the mouth of the Rio Grande de Santiago.  However, Sand 8 was 
collected from the beach on the widest part of the strandplain complex, which is the ideal 
location for sands being transported via longshore and onshore currents to be deposited.  It is 
possible that the reason why Sand 11 is less similar to sands from the Rio Grande de Santiago 
than Sand 8 is that it‟s an anomaly in the data set which cannot be explained  or fully understood 
due to limited number of samples collected from the modern beaches.   
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Sand 8 is made up a large percentage of quartz and untwinned feldspar grains, and the 
presence of such a large percentage of these grains indicates that the beaches on the widest part 
of the strandplain still receives reworked sand. This is also true of the beaches in the northern 
part of the Costa de Nayarit where Sand 2 and Sand 6 were collected (Fig. 8).  These two 
samples have large percentages of quartz and untwinned feldspar grains with little basalt and 
andesite rock fragments, indicating that sand from these beaches are receiving a large amount of 
reworked continental shelf sand.  The cluster diagram in Figure 19 also shows that Sand 2 and 
Sand 6 are the modern beach samples least similar to sands from the Rio Grande de Santiago, 
indicating that the quantity of river sands that reaches the northern part of the Costa de Nayarit is 
not very significant. 
  
Progradational Shoreface Succession (Beach Ridge) Sands: Mixed Origin 
 Holocene shoreface successions of the Costa de Nayarit consist of medium to fine-
grained, moderate to well-sorted sand with varying amounts of whole shells, shell fragments, and 
organic material.  According to Curray et al. (1969), shoreface sands typically consist of 40% 
volcanic rock fragments, 40% quartz, 10% plagioclase feldspars and 10% k-feldspar.  The 
research reported here provides an updated and more detailed breakdown of the mineralogical 
composition of shoreface sands, such that the average composition is 50% volcanic rock 
fragments (41% (± 8%)rhyolite rock fragments, 6% (± 2%)WAFT rock fragments and 3% (± 
1%) basalt/andesite rock fragments), 33% (± 7%) quartz and untwinned k-feldspars, 11% (± 4%) 
“other” grains which include biotite, chlorite, iron oxides, clinopyroxene, olivine, and volcanic 




 As noted previously, Curray et al. (1969) inferred that Holocene shoreface successions 
were constructed from a mixture of: (1) longshore transported sands from the Rio Grande de 
Santiago and Rio San Pedro river systems, the latter perhaps when the 2 systems were merged 
earlier in the Holocene, and (2) sands reworked from the Pleistocene Rio Grande de Santiago and 
Rio San Pedro delta on the now submerged continental shelf.  The research reported here 
supports this general view: the composition of sands in the shoreface successions are a mixture 
of sands derived from the three river systems, which is only possible if it is reworked after first 
being deposited on the shelf during periods of lower sea-level.  The significance of onshore 
transport of sands from shelf sources has also been recognized along the eastern and southern 
coasts of Brazil (Dominguez et al., 1987; Lessa et al., 2000), the central Texas coast (Wilkinson 
and Basse, 1978; Rodriguez et al., 2001) and the eastern coast of Japan (Tamura et al., 2003).   
Curray et al. (1969; Curray 1996) also suggested that the sands for their Period II 
shoreface successions (Fig. 21) represent a mixture of reworked shelf sands and longshore 
transported sands from the river mouths, whereas Period IV and younger shoreface successions 
were constructed mostly from longshore transport of sands derived from the river mouth.  The 
results of this study do not support this view, and instead indicate that all Holocene shoreface 
successions have a mixed origin similar to the modern beach sands (see the ternary diagrams in 
Fig. 17 and the principal component analysis in Fig. 20).  However, Holocene shoreface 
successions in the southern transect have a higher percentage of sands derived directly from the 
Rio Grande de Santiago, with higher percentages of basalt and andesite rock fragments, when 
compared with shoreface successions in the northern transect, which contain more mixed grain 







Fig. 21 – Schematic illustration showing the distribution of the different periods of shoreface succession (beach ridge) construction 
(Periods II – V) during the Holocene regression along the Costa de Nayarit as interpreted by Curray et al. (1969).  The red dots show 
the locations from which the cores were collected from the shoreface successions of the different depositional periods.  (Modified 
from Curray et al., 1969)  
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depleted in basalt and andesite rock fragments, suggesting a greater contribution from reworked 
shelf sands. 
 
Source-to-Sink Sediment Dispersal along the Costa de Nayarit 
Deposition of sand-sized sediments on the continental shelf primarily occurs only during 
times of lower sea-level, when river channels are extended across the shelf to shorelines in more 
basinward positions (Porębski and Steel, 2003; Blum and Hattier-Womack, 2009).   Sea-level 
rise then results in backstepping of river mouths, and landward migration of shorelines (Blum 
and Hattier-Womack, 2009).   
Current models for source-to-sink sediment dispersal emphasize the basinward transport 
of sediment.  However, results of this study suggest that landward transport of sediment during 
transgressions, with deposition at highstand inner shelf positions, is perhaps more important than 
generally recognized.  Indeed, the fact that the Holocene shoreface successions of the Costa de 
Nayarit are comprised of a mixture of reworked shelf sands and longshore transported river 
sands provides an interesting perspective when looking at the sediment dispersal along this 
wave-dominated coastline.  The ultimate source of sands constructing shoreface successions is 
the hinterland regions of the SMO and the TMVB.  However, there is a “proximal source” (as 
defined by Blum and Hattier-Womack, 2009) for sand, which consists of the shelf and shelf-
margin staging area.  Because a significant percentage of sand from the shelf margin staging area 
has been redistributed (via reworking and onshore transportation) and incorporated into the 
Holocene shoreface succession, the ultimate sink for these sands turns out to be the highstand 
inner shelf coastline instead of the deepwater environment.  It seems highly likely that the style 
of source-to-sink sediment dispersal displayed along the Coast of Nayarit and other Holocene 
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progradational coastlines has occurred in similar wave-dominated depositional environments 
throughout the geologic record.  In systems of this kind, with large portions of the sand fraction 
stored in highstand shoreline successions, slope and basin-floor systems may be relatively sand 
poor. 
The overwhelming majority of sediment supplied to the Costa de Nayarit throughout the 
Quaternary (both on the continental shelf and the modern coastline) came from the hinterlands of 
western and central Mexico, the TMVB and the SMO.  During the previous sea-level lowstand in 
the Pleistocene, major and minor river systems of the coast extended across the continental shelf 
and supplied sediment from the TMVB and SMO to the continental shelf margin.  The system 
that supplied most of the sediment during the Pleistocene sea-level lowstand was the RGS/RSP 
paleo-river system, which constructed a shelf-margin delta on the outer continental shelf (Curray 
and Moore, 1964b; Moore and Curray, 1964; Curray et al., 1969).  The construction of the 
RGS/RSP shelf-margin delta was accompanied migration of the shoreline across the continental 
shelf due to forced regression, which occurred as a result of active sea-level fall and independent 
of sediment supply (Posamentier et al., 1992; Porębski and Steel, 2003).  The detailed study 
conducted by Curray and Moore (1964) of the continental shelf off the Costa de Nayarit 
determined that the RGS/RSP paleo-river system never incised into the continental shelf prior to 
sea-level rise following the LGM, meaning that the majority of the sand deposited by this river 
system remained sequestered on the shelf margin staging area instead of bypassing the shelf 
margin and being deposited in the deepwater basin. 
The onset of deglaciation following the LGM around 20,000 years ago (Walker and Plint, 
1992; Roy et al., 1994; Lambeck and Chappell, 2001; Peltier, 2001; Miller et al., 2005) resulted 
in a rapid sea-level rise and backstepping of the river systems and shoreline of the Costa de 
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Nayarit.  The transgression of these systems across the continental shelf resulted in the 
deposition of a basal transgressive sand sheet across the inner and central parts of the continental 
shelf (Curray and Moore, 1964a; Curray and Moore; 1964b, Moore and Curray 1964; Curray et 
al., 1969). The shoreline first stabilized along a portion of the Costa de Nayarit around 4,750 
years ago and was eventually stable along most of entire coastline by 4,500 years ago as a sea-
level highstand position was achieved (Curray et al., 1969).  The stabilization of sea-level, along 
with sufficient sediment supply to the coastline, led to shoreface succession construction and the 
progradation of the Costa de Nayarit throughout the Holocene. 
This study demonstrates that sediments (predominately sand) that makes up the Holocene 
progradational shoreface succession along the Costa de Nayarit were obtained from two sources: 
(1) longshore transport of RGS/RSP paleo-river sand being sourced from the SMO and the 
TMVB, and (2) reworking of sand from the shelf margin staging area (the Pleistocene RGS/RSP 
shelf-margin delta) and the inner continental shelf (basal transgressive sand).  Curray et al. 
(1969) suggested that the oldest Holocene shoreface successions (Period II) were constructed 
with roughly half the sand coming from offshore (reworking and onshore transportation) and half 
the sand coming from longshore transportation, while nearly all the sand constructing the 
youngest shoreface successions (Period IV) was coming from longshore transport.  This study 
demonstrates a couple of things that somewhat differ from these distinctions made by Curray et 
al. (1969).   
In general, the southern shoreface successions (beach ridges) of the Costa de Nayarit 
were more strongly influenced by sands coming from the RGS/RSP paleo-river system.  The 
northern shoreface successions (beach ridges) on the other hand were more greatly influenced by 
onshore transportation of reworked continental shelf.  The Period II shoreface successions in the 
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north were constructed with more sand of offshore origin than longshore transportation while the 
opposite holds true for the southern shoreface successions, which were constructed with more 
sand being transported from the RGS/RSP paleo-river system via longshore currents.  It was also 
determined that the Period IV shoreface successions were not constructed entirely from 
longshore transported river sand, but in fact from a mixture of longshore transported river sand 
and reworked and onshore transported continental shelf sand, although there was a greater 
influence of sand from the paleo-river system.  Lastly, the study determined that the modern 
beach sands of the Costa de Nayarit are also made up of a mixture of both continental shelf 
derived sand and longshore transported river sand, however the longshore transported river sand 
is only coming from the Rio Grande de Santiago as it is currently the only one of the three river 
systems that reaches the Pacific Ocean.  Due to the separation of the Rio Grande de Santiago 
from the Rio San Pedro and its shift in deposition further to the south (where beach ridges are 
currently being constructed), the process of shoreface succession (beach ridge) construction is no 
longer occurring along the Costa de Nayarit north of the Rio San Pedro region (Curray, 1996). 




 The primary goal of this study was to test the alternative hypotheses for sand supply to 
the barrier/strandplain system of the Costa de Nayarit, western Mexico, which were defined as 
follows: (1) sand for the Holocene barrier/strandplain system is derived directly from 
contemporaneous river mouths, then transported by longshore drift, and (2) sand for the 
Holocene barrier/strandplain system is derived from a mixture of contemporaneous river-sourced 
sand, and sands reworked from the shelf during the most recent transgression.  The results of this 
study lead to the following conclusions: 
 Sediments from the Rio Grande de Santiago are being sourced from both the SMO and 
the TMVB.  This is apparent by the high abundance of rhyolite rock fragments 
(characteristic of the SMO) and relatively high abundance of basalt and andesite rock 
fragments (characteristic of the TMVB) present within the sands from this river system.  
It is most likely that the majority of basalt/andesite rock fragments present in the Rio 
Grande de Santiago are coming from the Rio Lerma, which empties into the Lago 
Chapala from which the Rio Grande de Santiago originates.  The drainage basin for the 
Rio Lerma (which is subsequently included as part of the Rio Grande de Santiago 
drainage basin) lies entirely within the TMVB, while the drainage basin of the Rio 
Grande de Santiago (excluding the Rio Lerma drainage basin) lies more within the 
southern SMO than the western TMVB, thus providing the evidence for this reasoning. 
 Sediments from the Rio San Pedro and the Rio Acaponeta are being sourced from the 
SMO.  Both river systems contain sediment with a high abundance of rhyolite rock 
fragments and a relatively high abundance of WAFT rock fragments which are 
characteristic of volcanic rocks found in the SMO.  The similarity of sediments in these 
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river systems is also displayed by the point count graphs, ternary and cluster diagrams, 
and the statistical analyses (Pearson‟s chi-square test, Fisher‟s exact test, and principal 
component analysis).  These things also illustrate the difference between these sediments 
and sediments from the Rio Grande de Santiago. 
 Sands present on the modern beaches of the Costa de Nayarit are being sourced from 
both longshore transportation of river sand from the Rio Grande de Santiago and from 
reworking and onshore transportation of sands from the continental shelf.  This is evident 
by the presence of abundant of rhyolite rock fragment and untwinned quartz and k-
feldspar grains as well as the presence of good quantities of shell fragments and organic 
material within these sands.  The cores collected from the modern beaches also contain 
significant amounts of shell fragments and organic material which is further indication 
that reworked sands are present within the modern beach sands. 
 The sands that constructed the Holocene progradational shoreface succession (beach 
ridges) of the Costa de Nayarit were sourced from both longshore transported river sand 
from the RGS/RSP paleo-river system and from reworked and onshore transported sand 
from the shelf margin and the inner continental shelf.  This is evident by the similarity of 
sand samples collected from the cores to one another and the modern beach sands.  The 
similarity between these sand samples is also displayed by the point count graphs, the 
ternary and cluster diagrams, and the statistical analyses (Pearson‟s chi-square test and 
principal component analysis). 
 The sands that constructed the southern shoreface succession (beach ridge) cores were 
more greatly influenced by sand being longshore transported from the RGS/RSP paleo-
river system than from sand being reworked form the continental shelf and transported 
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onshore.  This was determined by the greater abundance of basalt and andesite rock 
fragments and the relative lack of shell fragments and organic material within sand 
samples studied from these cores.  The cores collected from the southern succession were 
all sand dominated, indicating that there was a constant supply of sand to shoreface and 
the close proximity at which these shoreface successions were constructed to the 
RGS/RSP paleo-river mouth leads to the belief that vast quantities of river sand were 
being transported to these shoreface successions (beach ridges). 
 The sands that constructed the northern shoreface succession (beach ridge) cores were 
more greatly influenced by sands being reworked from the continental shelf and 
transported onshore than by sands being transported by longshore currents from the 
RGS/RSP paleo-river system.  This is evident by the lacking abundance of basalt and 
andesite rock fragments as well as the relatively higher abundance of shell fragments and 
organic material within the sand samples collected and studied from these cores.  The 
significant increase in mud content within these cores compared to those from southern 
shoreface succession is also an indication that the sand supply in the northern part of the 
Costa de Nayarit was not as constant as in the southern part. 
 The ultimate source of sediments to the Costa de Nayarit, both to the continental shelf 
margin during the Pleistocene and the modern Holocene coastline is the hinterlands of the 
SMO and the TMVB within central and western Mexico.  However the shelf margin and 
the inner continental shelf also provided a “proximal source” for sand to be transported 
onshore and incorporated in the construction of the Holocene beach ridges.  The ultimate 
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APPENDIX A:  MODERN RIVER SAND SAMPLE DESCRIPTIONS 
River sand samples were collected from the point bar facies in each river system 
 
Sand Sample 5 (Rio Grande de Santiago): N21
o
 47’ 21.06” W105
o
 14’ 32.28” 
Sample consists of medium to fine grained sand that is moderate to well sorted 
Primary Grains: 
Rhyolite rock fragments: 
 -  Light to dark brown in PPL, some rock fragments have quartz, untwinned feldspar, 
and/or plagioclase phenocrysts visible in PPL; 1
st
 order gray interference colors in XPL, 
rock fragments exhibit differential extinction angles for different minerals present within 
individual fragments (quartz, plagioclase and untwinned feldspars), plagioclase present 
within the fragments can either exhibit simple or polysynthetic twinning; Grains are mostly 
subrounded to subangular 
Quartz/Untwinned feldspars: 
-  Colorless to light brown with low relief in PPL; 1
st
 order gray and yellow interference 
colors XPL, these grain types exhibit parallel, inclined, and undulatory extinction and are 
primarily monocrystalline, with some polycrystalline and microcrystalline grains also 
present; Grains are mostly angular to subangular, with some rounded grains as well 
Basalt/Andesite rock fragments: 
 -  Black to dark brown with subhedral to euhedral plagioclase laths visible in PPL, some 
rock fragments also have clinopyroxene and/or iron oxide mineral grains visible in PPL; 
Groundmass is isotropic in XPL, plagioclase laths present within the fragments are mostly 
simple twinned, however some are polysynthetic twinned, clinopyroxene easily visible in 
XPL when present; Grains are mostly subrounded to subangular, with some angular and 
rounded grains present as well 
Plagioclase feldspars: 
-  Colorless with low relief in PPL; 1
st
 order gray interference colors with twinning in XPL, 
twinning is mostly polysynthetic and simple, with a few combo twins as well; Grains are 
mostly subangular to subrounded, with some grains exhibiting the typical plagioclase lath 
habit 
Accessory Grains: 
Welded Ash Flow Tuff rock fragments: 
-  Medium to dark brown in PPL, most of the grains have flow structures that are visible in 
PPL; Grains are mostly isotropic in XPL, however some grains exhibit a very low 1
st
 order 
gray interference color; Grains are mostly subrounded to rounded 
Clinopyroxene/Olivine: 
-  Colorless with high relief in PPL; High 1
st
 order to mid 2
nd
 order interference colors are 
exhibited in XPL; Occurs as small inclusions in some basalt/andesite rock fragments; 
Grains are usually small and exhibit a stubby habit, with most grains being subangular to 
angular 
Volcanic glass: 
-  Black to dark brown in PPL; Isotropic in XPL; Grains are mostly angular to subangular 
Iron Oxides: 
-  Dark red in PPL; In XPL, interference colors are masked by the minerals dark red color; 
Occurs as small inclusions within basalt/andesite rock fragments and a few quartz grains; 
Grains are mostly subangular to subrounded 
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Sand Sample 3 (Rio San Pedro): N21
o
 57’ 16.47” W105
o
 14’ 7.14” 
Sample consists of medium to fine grained sand that is moderately sorted 
Primary Grains: 
Rhyolite rock fragments: 
-  Light to dark brown in PPL, some rock fragments have quartz, untwinned feldspar, 
and/or plagioclase phenocrysts visible in PPL; 1
st
 order gray interference colors in XPL, 
rock fragments exhibit differential extinction angles for different minerals present within 
individual fragments (quartz, plagioclase and untwinned feldspars), plagioclase present 
within the fragments can either exhibit simple or polysynthetic twinning; Grains are mostly 
subrounded 
Quartz/Untwinned feldspars: 
-  Colorless to light brown with low relief in PPL; 1
st
 order gray and yellow interference 
colors XPL, these grain types exhibit parallel, inclined, and undulatory extinction and are 
primarily monocrystalline, with some polycrystalline and a few microcrystalline grains also 
present; Grains are mostly angular to subangular 
Welded Ash Flow Tuff rock fragments: 
-  Medium to dark brown in PPL, most of the grains have flow structures that are visible in 
PPL; Grains are mostly isotropic in XPL, however some grains exhibit a very low 1
st
 order 
gray interference color; Grains are mostly subrounded to rounded 
Plagioclase feldspars: 
-  Colorless with low relief in PPL; 1
st
 order gray interference colors with twinning in XPL, 
twinning is mostly polysynthetic and simple, with a few combo twins as well; Grains are 




-  Black to dark brown in PPL; Isotropic in XPL; Grains are mostly angular to subangular 
with a few subrounded grains as well 
Biotite: 
-  Brown to orange yellow in PPL with most grains displaying pleochroism, some grains 
are more pleochroic than others; Up to low 2
nd
 order interference colors in XPL with some 
grains exhibiting birds-eye extinction; Grains are mostly rounded to subrounded 
Clinopyroxene/Olivine: 
-  Colorless with high relief in PPL; High 1
st
 order to mid 2
nd
 order interference colors are 
exhibited in XPL; Grains are usually small and exhibit a stubby habit, with most grains 
being subangular to angular 
Iron Oxides: 
-  Dark red in PPL; In XPL, interference colors are masked by the minerals dark red color; 
Grains are mostly subangular to subrounded 
Basalt/Andesite rock fragments: 
-  Black to dark brown with subhedral to euhedral plagioclase laths visible in PPL; 
Groundmass is isotropic in XPL, plagioclase laths present within the fragments are mostly 
simple twinned, however some are polysynthetic twinned; Grains are mostly subrounded to 
subangular, with some angular and rounded grains present as well 
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Sand Sample 9 (Rio Acaponeta): N22
o
 27’ 51.66” W105
o
 22’ 33.36” 
Sample consists of fine to very fine grained sand that is well to very well sorted 
Primary Grains: 
Rhyolite rock fragments: 
-  Light to dark brown in PPL, some rock fragments have quartz, untwinned feldspar, 
and/or plagioclase phenocrysts visible in PPL; 1
st
 order gray interference colors in XPL, 
rock fragments exhibit differential extinction angles for different minerals present within 
individual fragments (quartz, plagioclase and untwinned feldspars), plagioclase present 
within the fragments can either exhibit simple or polysynthetic twinning; Grains are mostly 
subrounded, with some angular and rounded grains as well 
Welded Ash Flow Tuff rock fragments: 
-  Medium to dark brown in PPL, most of the grains have flow structures that are visible in 
PPL; Grains are mostly isotropic in XPL, however some grains exhibit a very low 1
st
 order 
gray interference color; Grains are mostly subrounded to subangular 
Quartz/Untwinned feldspars: 
-  Colorless to light brown with low relief in PPL; 1
st
 order gray and yellow interference 
colors XPL, these grain types exhibit parallel, inclined, and undulatory extinction and are 
primarily monocrystalline, with some polycrystalline and a few microcrystalline grains also 
present; Grains are mostly angular to subangular, with some rounded grains as well 
Plagioclase feldspar: 
-  Colorless with low relief in PPL; 1
st
 order gray interference colors with twinning in XPL, 
twinning is mostly polysynthetic and simple, with a few combo twins as well; Grains are 
mostly subrounded, with some grains exhibiting the typical plagioclase lath habit 
Accessory Grains: 
Volcanic glass: 
-  Black to dark brown in PPL; Isotropic in XPL; Grains are mostly subrounded to rounded, 
with a few subangular grains as well 
Biotite: 
-  Brown to orange yellow in PPL with most grains displaying pleochroism, some grains 
are more pleochroic than others; Up to low 2
nd
 order interference colors in XPL with some 
grains exhibiting birds-eye extinction; Grains are mostly rounded to subrounded 
Iron Oxides: 
-  Dark red in PPL; In XPL, interference colors are masked by the minerals dark red color; 
Grains are mostly subangular to subrounded 
Clinopyroxene/Olivine: 
-  Colorless with high relief in PPL; High 1
st
 order to mid 2
nd
 order interference colors are 
exhibited in XPL; Grains are usually small and exhibit a stubby habit, with most grains 
being subangular to angular 
Basalt/Andesite rock fragments: 
-  Black to dark brown with subhedral to euhedral plagioclase laths visible in PPL; 
Groundmass is isotropic in XPL, plagioclase laths present within the fragments are mostly 






APPENDIX B:  MODERN BEACH SAND SAMPLE DESCRIPTIONS 
Modern beach sand samples were collected from the foreshore facies at each location 
 
Sand Sample 11: N21
o
 41’ 15.00” W105
o
 28’ 15.00” 
Sample consists of fine grained sand that is well sorted 
Primary Grains: 
Rhyolite rock fragments: 
 -  Light to dark brown in PPL, some rock fragments have quartz, untwinned feldspar, 
and/or plagioclase phenocrysts visible in PPL; 1
st
 order gray interference colors in XPL, 
rock fragments exhibit differential extinction angles for different minerals present within 
individual fragments, plagioclase present within the fragments can either exhibit simple or 
polysynthetic twinning; Grains are mostly subangular to subrounded 
Quartz/Untwinned feldspars: 
-  Colorless to light brown with low relief in PPL; 1
st
 order gray and yellow interference 
colors XPL, these grain types exhibit parallel, inclined, and undulatory extinction and are 
primarily monocrystalline, with a few polycrystalline and microcrystalline grains also 
present; Grains are mostly angular to subangular, with some subrounded grains as well 
Plagioclase feldspar 
-  Colorless with low relief in PPL; 1
st
 order gray interference colors with twinning in XPL, 
twinning is mostly polysynthetic and simple, with a few combo twins as well; Grains are 
mostly subangular to angular, with some grains exhibiting the typical plagioclase lath habit 
Volcanic glass 
-  Black to dark brown in PPL; Isotropic in XPL; Grains are mostly angular to subangular; 
Some grains have brown alterations on the outer edges, probably due to weathering 
Welded Ash Flow Tuff rock fragments: 
-  Medium to dark brown in PPL, most of the grains have flow structures that are visible in 
PPL; Grains are mostly isotropic in XPL, however some grains exhibit a very low 1
st
 order 
gray interference color; Grains are mostly subangular to subrounded 
Accessory Grains: 
Basalt/Andesite rock fragments: 
 -  Black to dark brown with subhedral to euhedral plagioclase laths visible in PPL, some 
rock fragments also have clinopyroxene/olivine and/or iron oxide mineral grains visible in 
PPL; Groundmass is isotropic in XPL, plagioclase laths present within the fragments are 
mostly simple twinned, however some are polysynthetic twinned, clinopyroxene easily 
visible in XPL; Grains are mostly angular to subangular, with a few subrounded grains 
present as well 
Biotite: 
-  Brown to orange yellow in PPL with most grains displaying pleochroism, some grains 
are more pleochroic than others; Up to low 2
nd
 order interference colors in XPL with some 
grains exhibiting birds-eye extinction; Grains are mostly rounded to subrounded 
Chlorite: 
-  Light to olive green in PPL with most grains exhibiting slight pleochroism; Upper 1
st
 
order interference colors in XPL with some grains exhibiting subtle birds-eye extinction; 
Occurs as an alteration mineral on some grains, however most of the chlorite is retrograde 




-  Dark red in PPL; In XPL, interference colors are masked by the minerals dark red color; 
Occurs as small inclusions within basalt/andesite rock fragments and a few quartz grains; 
Grains are mostly subangular to subrounded 
Clinopyroxene/Olivine: 
-  Colorless with high relief in PPL; High 1
st
 order to mid 2
nd
 order interference colors are 
exhibited in XPL; Occurs as small inclusions in some basalt/andesite rock fragments; 
Grains are usually small and exhibit a stubby habit, with most grains being subangular to 
subrounded 
Shell fragments: 
-  Colorless to light brown in PPL; 4
th
 order interference colors are exhibited in XPL along 
with birds-eye extinction; Fragments are mostly angular to subangular 
Organic material: 
-  Black to dark brown in PPL; Isotropic in XPL; Organic material is usually angular to 
subangular, sometimes exhibiting a bladed habit 
 
Sand Sample 8: N21
o
 59’ 10.08” W105
o
 38’ 24.84” 
Sample consists of very fine grained sand that is very well sorted 
Primary Grains: 
Quartz/Untwinned feldspars: 
-  Colorless to light brown with low relief in PPL; 1
st
 order gray and yellow interference 
colors XPL, these grain types exhibit parallel, inclined, and undulatory extinction and are 
primarily monocrystalline, with some polycrystalline and microcrystalline grains also 
present; Grains are mostly angular to subangular, with some rounded grains as well 
Rhyolite rock fragments: 
-  Light to dark brown in PPL, some rock fragments have quartz, untwinned feldspar, 
and/or plagioclase phenocrysts visible in PPL; 1
st
 order gray interference colors in XPL, 
rock fragments exhibit differential extinction angles for different minerals present within 
individual fragments (quartz, plagioclase and untwinned feldspars), plagioclase 
phenocrysts exhibit both simple and polysynthetic twinning; Grains are mostly subrounded, 
with some subangular grains as well 
Basalt/Andesite rock fragments: 
-  Black to dark brown with euhedral plagioclase laths visible in PPL, some rock fragments 
also have clinopyroxene/olivine and/or iron oxide mineral grains visible in PPL; 
Groundmass is isotropic in XPL, plagioclase laths present within the fragments are mostly 
simple twinned, clinopyroxene/olivine is easily visible in XPL when present; Grains are 
mostly subrounded, with some subangular and angular grains present as well 
Welded Ash Flow Tuff rock fragments: 
-  Medium to dark brown in PPL, most of the grains have flow structures that are visible in 
PPL; Grains are mostly isotropic in XPL, however some grains exhibit a very low 1
st
 order 
gray interference color; Grains are mostly subrounded to subangular, with some rounded 
grains as well 
Plagioclase feldspars: 
-  Colorless with low relief in PPL; 1
st
 order gray interference colors with twinning in XPL, 
twinning is mostly polysynthetic and simple, with a few combo twins as well; Grains are 
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mostly subangular to subrounded, with some grains exhibiting the typical plagioclase lath 
habit 
Volcanic glass: 
-  Black to dark brown in PPL; Isotropic in XPL; Grains are mostly subangular to 
subrounded, with a few rounded grains as well 
Accessory Grains: 
Clinopyroxene/Olivine: 
-  Colorless with high relief in PPL; High 1
st
 order to mid 2
nd
 order interference colors are 
exhibited in XPL; Occurs as small inclusions in some basalt/andesite rock fragments; 
Grains are usually small and exhibit a stubby habit, with most grains being subrounded and 
some being rounded and subangular 
Biotite: 
-  Brown to orange yellow in PPL with most grains displaying pleochroism, some grains 
are more pleochroic than others; Up to mid 2
nd
 order interference colors in XPL with some 
grains exhibiting birds-eye extinction; Grains are mostly rounded 
Chlorite:  
-  Light to olive green in PPL with most grains exhibiting slight pleochroism; Upper 1
st
 
order to low 2
nd
 order interference colors in XPL with some grains exhibiting subtle birds-
eye extinction; Occurs as an alteration mineral on some grains, however most of the 
chlorite is retrograde from biotite; Grains are mostly rounded to subrounded 
Shell fragments: 
-  Colorless to light brown in PPL; 4
th
 order interference colors are exhibited in XPL along 
with birds-eye extinction; Fragments are mostly angular 
Iron Oxides: 
-  Dark red in PPL; In XPL, interference colors are masked by the minerals dark red color; 
Occurs as small inclusions within basalt/andesite rock fragments and some quartz grains; 
Grains are mostly subrounded to rounded and relatively small 
Organic material: 
-  Black to dark brown in PPL; Isotropic in XPL; Organic material is usually angular to 
subangular, sometimes exhibiting a bladed habit 
 
Sand Sample 2: N22
o
 26’ 8.16” W105
o
 42’ 29.40” 
Sample consists of very fine grained sand that is very well sorted 
Primary Grains: 
Rhyolite rock fragments: 
 -  Light to dark brown in PPL, some rock fragments have quartz, untwinned feldspar, 
and/or plagioclase phenocrysts visible in PPL; 1
st
 order gray interference colors in XPL, 
rock fragments exhibit differential extinction angles for different minerals present within 
individual fragments, plagioclase present within the fragments can either exhibit simple or 
polysynthetic twinning; Grains are mostly subrounded to subangular 
Quartz/Untwinned feldspars: 
-  Colorless to light brown with low relief in PPL; 1
st
 order gray and yellow interference 
colors XPL, these grain types exhibit parallel, inclined, and undulatory extinction and are 
primarily monocrystalline, with some polycrystalline and a few microcrystalline grains also 
present; Grains are mostly angular to subangular 
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Welded Ash Flow Tuff rock fragments: 
-  Medium to dark brown in PPL, most of the grains have flow structures that are visible in 
PPL; Grains are mostly isotropic in XPL, however some grains exhibit a very low 1
st
 order 
gray interference color; Grains are mostly subrounded, with some subangular and a few 
rounded grains as well 
Plagioclase feldspar 
-  Colorless with low relief in PPL; 1
st
 order gray interference colors with twinning in XPL, 
twinning is mostly polysynthetic and simple, with a few combo twins as well; Grains are 
mostly subrounded to subangular, with some grains exhibiting the typical plagioclase lath 
habit 
Volcanic glass 
-  Black to dark brown in PPL; Isotropic in XPL; Grains are mostly subrounded, with a few 
rounded and angular grains as well 
Accessory Grains: 
Biotite: 
-  Brown to orange yellow in PPL with most grains displaying pleochroism, some grains 
are more pleochroic than others; Up to low 2
nd
 order interference colors in XPL with some 
grains exhibiting birds-eye extinction; Grains are mostly rounded to subrounded 
Basalt/Andesite rock fragments: 
- Black to dark brown with subhedral to euhedral plagioclase laths visible in PPL, some 
rock fragments also have clinopyroxene/olivine and/or iron oxide mineral grains visible in 
PPL; Groundmass is isotropic in XPL, plagioclase laths present within the fragments are 
mostly simple twinned, however some are polysynthetic twinned, clinopyroxene easily 
visible in XPL; Grains are mostly subangular to subrounded 
Chlorite: 
-  Light to olive green in PPL with most grains exhibiting slight pleochroism; Upper 1
st
 
order interference colors in XPL with some grains exhibiting subtle birds-eye extinction; 
Occurs as an alteration mineral on some grains, however most of the chlorite is retrograde 
from biotite; Grains are mostly rounded to subrounded 
Shell fragments: 
-  Colorless to light brown in PPL; 4
th
 order interference colors are exhibited in XPL along 
with birds-eye extinction; Fragments are mostly angular to subangular 
Organic material: 
-  Black to dark brown in PPL; Isotropic in XPL; Organic material is usually angular to 
subangular, sometimes exhibiting a bladed habit 
Iron Oxides: 
-  Dark red in PPL; In XPL, interference colors are masked by the minerals dark red color; 
Occurs as small inclusions within basalt/andesite rock fragments; Grains are mostly 
subangular to subrounded and relatively small 
Clinopyroxene/Olivine: 
-  Colorless with high relief in PPL; High 1
st
 order to mid 2
nd
 order interference colors are 
exhibited in XPL; Occurs as small inclusions in some basalt/andesite rock fragments; 





Sand Sample 6: N22
o
 33’ 25.38” W105
o
 45’ 52.08” 
Sample consists of very fine grained sand that is very well sorted 
Primary Grains: 
Rhyolite rock fragments: 
 -  Light to dark brown in PPL, some rock fragments have quartz, untwinned feldspar, 
and/or plagioclase phenocrysts visible in PPL; 1
st
 order gray interference colors in XPL, 
rock fragments exhibit differential extinction angles for different minerals present within 
individual fragments, plagioclase present within the fragments can either exhibit simple or 
polysynthetic twinning; Grains are mostly subrounded to subangular, it some rounded 
grains as well 
Quartz/Untwinned feldspars: 
-  Colorless to light brown with low relief in PPL; 1
st
 order gray and yellow interference 
colors XPL, these grain types exhibit parallel, inclined, and undulatory extinction and are 
primarily monocrystalline, with some polycrystalline and a few microcrystalline grains also 
present; Grains are mostly angular to subangular, with a few subrounded grains as well 
Welded Ash Flow Tuff rock fragments: 
-  Medium to dark brown in PPL, most of the grains have flow structures that are visible in 
PPL; Grains are mostly isotropic in XPL, however some grains exhibit a very low 1
st
 order 
gray interference color; Grains are mostly subrounded to subangular 
Plagioclase feldspar 
-  Colorless with low relief in PPL; 1
st
 order gray interference colors with twinning in XPL, 
twinning is mostly polysynthetic and simple, with a few combo twins as well; Grains are 
mostly subrounded to subangular and a few rounded, with some grains exhibiting the 
typical plagioclase lath habit 
Volcanic glass 
-  Black to dark brown in PPL; Isotropic in XPL; Grains are mostly rounded to subrounded, 
with a few subangular grains as well 
Accessory Grains: 
Biotite: 
-  Brown to orange yellow in PPL with most grains displaying pleochroism, some grains 
are more pleochroic than others; Up to low 2
nd
 order interference colors in XPL with some 
grains exhibiting birds-eye extinction; Grains are mostly rounded to subrounded 
Chlorite: 
-  Light to olive green in PPL with most grains exhibiting slight pleochroism; Upper 1
st
 
order interference colors in XPL with some grains exhibiting subtle birds-eye extinction; 
Occurs as an alteration mineral on some grains, however most of the chlorite is retrograde 
from biotite; Grains are mostly rounded to subrounded  
Clinopyroxene/Olivine: 
-  Colorless with high relief in PPL; High 1
st
 order to mid 2
nd
 order interference colors are 
exhibited in XPL; Occurs as small inclusions in some basalt/andesite rock fragments; 
Grains are usually small and exhibit a stubby habit, with most grains being subrounded to 
subangular 
Shell fragments: 
-  Colorless to light brown in PPL; 4
th
 order interference colors are exhibited in XPL along 
with birds-eye extinction; Fragments are mostly angular to subangular 
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Basalt/Andesite rock fragments: 
- Black to dark brown with subhedral to euhedral plagioclase laths visible in PPL, some 
rock fragments also have clinopyroxene/olivine and/or iron oxide mineral grains visible in 
PPL; Groundmass is isotropic in XPL, plagioclase laths present within the fragments are 
mostly simple twinned, however some are polysynthetic twinned, clinopyroxene easily 
visible in XPL; Grains are mostly subangular to subrounded 
Organic material: 
-  Black to dark brown in PPL; Isotropic in XPL; Organic material is usually angular to 
subangular, sometimes exhibiting a bladed habit 
Iron Oxides: 
-  Dark red in PPL; In XPL, interference colors are masked by the minerals dark red color; 
Occurs as small inclusions within basalt/andesite rock fragments; Grains are mostly 




APPENDIX C:  BEACH RIDGE CORE SAND SAMPLE DESCRIPTIONS 
Beach ridge core sand samples were collected from different depth intervals within each core, 
below developed soil horizons. 
 
Southern Core Suite:  Samples are arranged from the most landward to the most seaward 
 
Core Sand Sample 5-1 (Sample Depth: 1.965-2.015 meters) 
Sample consists of fine grained sand that is very well sorted 
Primary Grains: 
Rhyolite rock fragments: 
-  Light to dark brown in PPL, some rock fragments have quartz, untwinned feldspar, 
and/or plagioclase phenocrysts visible in PPL; 1
st
 order gray interference colors in XPL, 
rock fragments exhibit differential extinction angles for different minerals present within 
individual fragments, plagioclase present within the fragments can either exhibit simple or 
polysynthetic twinning; Grains are mostly subrounded to subangular 
Quartz/Untwinned feldspars: 
-  Colorless to light brown with low relief in PPL; 1
st
 order gray and yellow interference 
colors XPL, these grain types exhibit parallel, inclined, and undulatory extinction and are 
primarily monocrystalline, with some polycrystalline and a few microcrystalline grains also 
present; Grains are mostly angular to subangular, with a few subrounded grains as well 
Plagioclase feldspars: 
-  Colorless with low relief in PPL; 1
st
 order gray interference colors with twinning in XPL, 
twinning is mostly polysynthetic and simple, with a few combo twins as well; Grains are 
mostly subrounded to subangular, with some grains exhibiting the typical plagioclase lath 
habit 
Welded Ash Flow Tuff rock fragments: 
-  Medium to dark brown in PPL, most of the grains have flow structures that are visible in 
PPL; Grains are mostly isotropic in XPL, however some grains exhibit a very low 1
st
 order 
gray interference color; Grains are mostly subangular to subrounded 
Basalt/Andesite rock fragments: 
- Black to dark brown with subhedral to euhedral plagioclase laths visible in PPL, some 
rock fragments also have clinopyroxene/olivine and/or iron oxide mineral grains visible in 
PPL; Groundmass is isotropic in XPL, plagioclase laths present within the fragments are 
mostly simple twinned, however some are polysynthetic twinned, clinopyroxene easily 
visible in XPL; Grains are mostly subangular 
Accessory Grains: 
Clinopyroxene/Olivine: 
-  Colorless with high relief in PPL; High 1
st
 order to mid 2
nd
 order interference colors are 
exhibited in XPL; Occurs as small inclusions in some basalt/andesite rock fragments; 
Grains are usually small and exhibit a stubby habit, with most grains being subangular to 
subrounded 
Volcanic glass: 
-  Black to dark brown in PPL; Isotropic in XPL; Grains are mostly angular to subangular, 





-  Brown to orange yellow in PPL with most grains displaying pleochroism, some grains 
are more pleochroic than others; Up to low 2
nd
 order interference colors in XPL with some 
grains exhibiting birds-eye extinction; Grains are mostly rounded to subrounded 
Chlorite: 
-  Light to olive green in PPL with most grains exhibiting slight pleochroism; Upper 1
st
 
order interference colors in XPL with some grains exhibiting subtle birds-eye extinction; 
Occurs as an alteration mineral on some grains, however most of the chlorite is retrograde 
from biotite; Grains are mostly rounded to subrounded  
Iron Oxides: 
-  Dark red in PPL; In XPL, interference colors are masked by the minerals dark red color; 
Occurs as small inclusions within basalt/andesite rock fragments; Grains are mostly 
subrounded to rounded and relatively small 
 
Core Sand Sample 5-2 (Sample Depth:  4.745-4.795 meters) 
Sample consists of fine grained sand that is very well sorted 
Primary Grains: 
Rhyolite rock fragments: 
-  Light to dark brown in PPL, some rock fragments have quartz, untwinned feldspar, 
and/or plagioclase phenocrysts visible in PPL; 1
st
 order gray interference colors in XPL, 
rock fragments exhibit differential extinction angles for different minerals present within 
individual fragments, plagioclase present within the fragments can either exhibit simple or 
polysynthetic twinning; Grains are mostly subrounded to subangular 
Quartz/Untwinned feldspars: 
-  Colorless to light brown with low relief in PPL; 1
st
 order gray and yellow interference 
colors XPL, these grain types exhibit parallel, inclined, and undulatory extinction and are 
primarily monocrystalline, with some polycrystalline and a few microcrystalline grains also 
present; Grains are mostly subangular to subrounded 
Basalt/Andesite rock fragments: 
- Black to dark brown with subhedral to euhedral plagioclase laths visible in PPL, some 
rock fragments also have clinopyroxene/olivine and/or iron oxide mineral grains visible in 
PPL; Groundmass is isotropic in XPL, plagioclase laths present within the fragments are 
mostly simple twinned, however some are polysynthetic twinned, clinopyroxene easily 
visible in XPL; Grains are mostly subrounded to subangular with some angular and 
rounded grains as well 
Welded Ash Flow Tuff rock fragments: 
-  Medium to dark brown in PPL, most of the grains have flow structures that are visible in 
PPL; Grains are mostly isotropic in XPL, however some grains exhibit a very low 1
st
 order 
gray interference color; Grains are mostly subrounded to subangular 
Volcanic glass: 
-  Black to dark brown in PPL; Isotropic in XPL; Grains are mostly angular to subangular, 
with a few subrounded grains as well 
Accessory Grains: 
Clinopyroxene/Olivine: 
-  Colorless with high relief in PPL; High 1
st
 order to mid 2
nd
 order interference colors are 
exhibited in XPL; Occurs as small inclusions in some basalt/andesite rock fragments; 
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Grains are usually small and exhibit a stubby habit, with most grains being subangular to 
subrounded 
Biotite: 
-  Brown to orange yellow in PPL with most grains displaying pleochroism, some grains 
are more pleochroic than others; Up to mid 2
nd
 order interference colors in XPL with some 
grains exhibiting birds-eye extinction; Grains are mostly rounded to subrounded, with a 
few grains exhibiting a bladed habit 
Chlorite: 
-  Light to olive green in PPL with most grains exhibiting slight pleochroism; Upper 1
st
 
order interference colors in XPL with some grains exhibiting subtle birds-eye extinction; 
Occurs as an alteration mineral on some grains, however most of the chlorite is retrograde 
from biotite; Grains are mostly rounded to subrounded 
Iron Oxides: 
-  Dark red in PPL; In XPL, interference colors are masked by the minerals dark red color; 
Occurs as small inclusions within basalt/andesite rock fragments and a few quartz grains; 
Grains are mostly rounded to subrounded 
Organic material: 
-  Black to dark brown in PPL; Isotropic in XPL; Organic material is usually angular to 
subangular, sometimes exhibiting a bladed habit 
 
Core Sand Sample 7-1 (Sample Depth:  2.17-2.22 meters) 
Sample consists of fine grained sand that is very well sorted 
Primary Grains: 
Rhyolite rock fragments: 
-  Light to dark brown in PPL, a few rock fragments have quartz, untwinned feldspar, 
and/or plagioclase phenocrysts visible in PPL; 1
st
 order gray interference colors in XPL, 
rock fragments exhibit differential extinction angles for different minerals present within 
individual fragments (quartz, plagioclase and untwinned feldspars); Grains are mostly 
subrounded, with subangular and rounded grains as well 
Quartz/Untwinned feldspars: 
-  Colorless to light brown with low relief in PPL; 1
st
 order gray and yellow interference 
colors XPL, these grain types exhibit parallel, inclined, and undulatory extinction and are 
primarily monocrystalline, with a few polycrystalline and microcrystalline grains also 
present; Grains are mostly angular to subangular, with some subrounded grains as well 
Plagioclase feldspars: 
-  Colorless with low relief in PPL; 1
st
 order gray interference colors with twinning in XPL, 
twinning is mostly polysynthetic and simple, with a few combo twins as well; Grains are 
mostly subangular to subrounded, with some grains exhibiting the typical plagioclase lath 
habit 
Basalt/Andesite rock fragments: 
-  Black to dark brown with euhedral plagioclase laths visible in PPL, some rock fragments 
also have clinopyroxene/olivine and/or iron oxide mineral grains visible in PPL; 
Groundmass is isotropic in XPL, plagioclase laths present within the fragments are mostly 
simple twinned, clinopyroxene/olivine is easily visible in XPL when present; Grains are 
mostly subangular to subrounded 
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Welded Ash Flow Tuff rock fragments: 
-  Medium to dark brown in PPL, most of the grains have flow structures that are visible in 
PPL; Grains are mostly isotropic in XPL, however some grains exhibit a very low 1
st
 order 
gray interference color; Grains are mostly subrounded to rounded 
Accessory Grains: 
Clinopyroxene/Olivine: 
-  Colorless with high relief in PPL; High 1
st
 order to mid 2
nd
 order interference colors are 
exhibited in XPL; Occurs as small inclusions in some basalt/andesite rock fragments; 
Grains are usually small and exhibit a stubby habit, with most grains being subangular to 
subrounded 
Biotite: 
-  Brown to orange yellow in PPL with most grains displaying pleochroism, some grains 
are more pleochroic than others; Up to mid 2
nd
 order interference colors in XPL with some 
grains exhibiting birds-eye extinction; Grains are mostly rounded to subrounded 
Volcanic glass: 
-  Black to dark brown in PPL; Isotropic in XPL; Grains are mostly angular to subangular, 
with some subrounded grains as well 
Chlorite: 
-  Light to olive green in PPL with most grains exhibiting slight pleochroism; Upper 1
st
 
order interference colors in XPL with some grains exhibiting subtle birds-eye extinction; 
Occurs as an alteration mineral on some grains, however most of the chlorite is retrograde 
from biotite; Grains are mostly rounded to subrounded 
Iron Oxides: 
-  Dark red in PPL; In XPL, interference colors are masked by the minerals dark red color; 
Occurs as small inclusions within basalt/andesite rock fragments and a few quartz grains; 
Grains are mostly rounded to subrounded and relatively small 
Organic material: 
-  Black to dark brown in PPL; Isotropic in XPL; Organic material is usually angular to 
subangular, sometimes exhibiting a bladed habit 
 
Core Sand Sample 7-2 (Sample Depth:  3.03-3.08 meters) 
Sample consists of medium to fine grained sand that is well sorted 
Primary Grains: 
Rhyolite rock fragments: 
-  Light to dark brown in PPL, a few rock fragments have quartz, untwinned feldspar, 
and/or plagioclase phenocrysts visible in PPL; 1
st
 order gray interference colors in XPL, 
rock fragments exhibit differential extinction angles for different minerals present within 
individual fragments (quartz, plagioclase and untwinned feldspars); Grains are mostly 
subangular to subrounded, with a few rounded grains as well 
Quartz/Untwinned feldspars: 
-  Colorless to light brown with low relief in PPL; 1
st
 order gray and yellow interference 
colors XPL, these grain types exhibit parallel, inclined, and undulatory extinction and are 
primarily monocrystalline, with a few polycrystalline and microcrystalline grains also 





-  Colorless with low relief in PPL; 1
st
 order gray interference colors with twinning in XPL, 
twinning is mostly polysynthetic and simple, with a few combo twins as well; Grains are 
mostly subangular, with a few subrounded grains and some grains exhibiting the typical 
plagioclase lath habit 
Basalt/Andesite rock fragments: 
-  Black to dark brown with euhedral plagioclase laths visible in PPL, some rock fragments 
also have clinopyroxene/olivine and/or iron oxide mineral grains visible in PPL; 
Groundmass is isotropic in XPL, plagioclase laths present within the fragments are mostly 
simple twinned, clinopyroxene/olivine is easily visible in XPL when present; Grains are 
mostly subangular to subrounded, with a few angular and rounded grains as well 
Welded Ash Flow Tuff rock fragments: 
-  Medium to dark brown in PPL, most of the grains have flow structures that are visible in 
PPL; Grains are mostly isotropic in XPL, however some grains exhibit a very low 1
st
 order 
gray interference color; Grains are mostly subangular to subrounded 
Accessory Grains: 
Volcanic glass: 
-  Black to dark brown in PPL; Isotropic in XPL; Grains are mostly angular to subangular, 
with a few subrounded grains as well 
Clinopyroxene/Olivine: 
-  Colorless with high relief in PPL; High 1
st
 order to mid 2
nd
 order interference colors are 
exhibited in XPL; Occurs as small inclusions in some basalt/andesite rock fragments; 
Grains are usually small and exhibit a stubby habit, with most grains being subangular 
Biotite: 
-  Brown to orange yellow in PPL with most grains displaying pleochroism, some grains 
are more pleochroic than others; Up to mid 2
nd
 order interference colors in XPL with some 
grains exhibiting birds-eye extinction; Grains are mostly rounded to subrounded 
Chlorite: 
-  Light to olive green in PPL with most grains exhibiting slight pleochroism; Upper 1
st
 
order interference colors in XPL with some grains exhibiting subtle birds-eye extinction; 
Occurs as an alteration mineral on some grains, however most of the chlorite is retrograde 
from biotite; Grains are mostly rounded to subrounded 
Iron oxides: 
-  Dark red in PPL; In XPL, interference colors are masked by the minerals dark red color; 
Occurs as small inclusions within basalt/andesite rock fragments and a few quartz grains; 
Grains are mostly rounded to subrounded and relatively small 
Organic material: 
-  Black to dark brown in PPL; Isotropic in XPL; Organic material is usually angular to 
subangular, sometimes exhibiting a bladed habit 
 
Core Sand Sample 7-3 (Sample Depth:  3.52-3.58 meters) 
Sample consists of medium to fine grained sand that is well sorted 
Primary Grains: 
Rhyolite rock fragments: 
-  Light to dark brown in PPL, a few rock fragments have quartz, untwinned feldspar, 
and/or plagioclase phenocrysts visible in PPL; 1
st
 order gray interference colors in XPL, 
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rock fragments exhibit differential extinction angles for different minerals present within 
individual fragments (quartz, plagioclase and untwinned feldspars), plagioclase 
phenocrysts exhibit both simple and polysynthetic twinning; Grains are mostly subrounded, 
with rounded and subangular grains as well 
Quartz/Untwinned feldspars: 
-  Colorless to light brown with low relief in PPL; 1
st
 order gray and yellow interference 
colors XPL, these grain types exhibit parallel, inclined, and undulatory extinction and are 
primarily monocrystalline, with some polycrystalline and a few  microcrystalline grains 
also present; Grains are mostly subangular to subrounded, with some angular grains as well 
Plagioclase feldspars: 
-  Colorless with low relief in PPL; 1
st
 order gray interference colors with twinning in XPL, 
twinning is mostly polysynthetic and simple, with a few combo twins as well; Grains are 
mostly subrounded to subangular, with a few angular grains and some grains exhibiting the 
typical plagioclase lath habit 
Basalt/Andesite rock fragments: 
-  Black to dark brown with euhedral plagioclase laths visible in PPL, some rock fragments 
also have clinopyroxene/olivine and/or iron oxide mineral grains visible in PPL; 
Groundmass is isotropic in XPL, plagioclase laths present within the fragments are mostly 
simple twinned with a few that are polysynthetic twinned, clinopyroxene/olivine is easily 
visible in XPL when present; Grains are mostly subangular to subrounded, with a few 
rounded and angular grains as well 
Welded Ash Flow Tuff rock fragments: 
-  Medium to dark brown in PPL, most of the grains have flow structures that are visible in 
PPL; Grains are mostly isotropic in XPL, however some grains exhibit a very low 1
st
 order 
gray interference color; Grains are mostly subangular to subrounded, with a few rounded 
grains as well 
Accessory Grains: 
Volcanic glass: 
-  Black to dark brown in PPL; Isotropic in XPL; Grains are mostly angular to subangular, 
with a few subrounded grains as well 
Clinopyroxene/Olivine: 
-  Colorless with high relief in PPL; High 1
st
 order to mid 2
nd
 order interference colors are 
exhibited in XPL; Occurs as small inclusions in some basalt/andesite rock fragments; 
Grains are usually small and exhibit a stubby habit, with most grains being subangular and 
a few being rounded 
Biotite: 
-  Brown to orange yellow in PPL with most grains displaying pleochroism, some grains 
are more pleochroic than others; Up to mid 2
nd
 order interference colors in XPL with some 
grains exhibiting birds-eye extinction; Grains are mostly rounded to subrounded 
Chlorite: 
-  Light to olive green in PPL with most grains exhibiting slight pleochroism; Upper 1
st
 
order interference colors in XPL with some grains exhibiting subtle birds-eye extinction; 
Occurs as an alteration mineral on some grains, however most of the chlorite is retrograde 





-  Dark red in PPL; In XPL, interference colors are masked by the minerals dark red color; 
Occurs as small inclusions within basalt/andesite rock fragments and a few quartz grains; 
Grains are mostly subangular to subrounded and relatively small 
Organic material: 
-  Black to dark brown in PPL; Isotropic in XPL; Organic material is usually angular to 
subangular, sometimes exhibiting a bladed habit 
 
Core Sand Sample 6-1 (Sample Depth:  1.86-1.91 meters) 
Sample consists of fine grained sand that is very well sorted 
Primary Grains: 
Rhyolite rock fragments: 
-  Light to dark brown in PPL, a few rock fragments have quartz, untwinned feldspar, 
and/or plagioclase phenocrysts visible in PPL; 1
st
 order gray interference colors in XPL, 
rock fragments exhibit differential extinction angles for different minerals present within 
individual fragments (quartz, plagioclase and untwinned feldspars), plagioclase 
phenocrysts exhibit both simple and polysynthetic twinning; Grains are mostly subrounded 
to subangular 
Quartz/Untwinned feldspars: 
-  Colorless to light brown with low relief in PPL; 1
st
 order gray and yellow interference 
colors XPL, these grain types exhibit parallel, inclined, and undulatory extinction and are 
primarily monocrystalline, with some polycrystalline and a few  microcrystalline grains 
also present; Grains are mostly angular to subangular, with some subrounded grains as well 
Plagioclase feldspars: 
-  Colorless with low relief in PPL; 1
st
 order gray interference colors with twinning in XPL, 
twinning is mostly polysynthetic and simple, with a few combo twins as well; Grains are 
mostly subrounded to subangular, with a few angular grains and some grains exhibiting the 
typical plagioclase lath habit 
Welded Ash Flow Tuff rock fragments: 
-  Medium to dark brown in PPL, most of the grains have flow structures that are visible in 
PPL; Grains are mostly isotropic in XPL, however some grains exhibit a very low 1
st
 order 
gray interference color; Grains are mostly subrounded, with some subangular grains as well 
Basalt/Andesite rock fragments: 
-  Black to dark brown with euhedral plagioclase laths visible in PPL, some rock fragments 
also have clinopyroxene/olivine and/or iron oxide mineral grains visible in PPL; 
Groundmass is isotropic in XPL, plagioclase laths present within the fragments are mostly 
simple twinned with a few that are polysynthetic twinned, clinopyroxene/olivine is easily 
visible in XPL when present; Grains are mostly subangular to subrounded 
Accessory Grains: 
Clinopyroxene/Olivine: 
-  Colorless with high relief in PPL; High 1
st
 order to mid 2
nd
 order interference colors are 
exhibited in XPL; Occurs as small inclusions in some basalt/andesite rock fragments; 






-  Black to dark brown in PPL; Isotropic in XPL; Grains are mostly subangular with a few 
subrounded grains as well 
Biotite: 
-  Brown to orange yellow in PPL with most grains displaying pleochroism, some grains 
are more pleochroic than others; Up to mid 2
nd
 order interference colors in XPL with some 
grains exhibiting birds-eye extinction; Grains are mostly rounded to subrounded 
Chlorite: 
-  Light to olive green in PPL with most grains exhibiting slight pleochroism; Upper 1
st
 
order interference colors in XPL with some grains exhibiting subtle birds-eye extinction; 
Occurs as an alteration mineral on some grains, however most of the chlorite is retrograde 
from biotite; Grains are mostly rounded to subrounded 
Iron oxides: 
-  Dark red in PPL; In XPL, interference colors are masked by the minerals dark red color; 
Occurs as small inclusions within basalt/andesite rock fragments and a few quartz grains; 
Grains are mostly subangular to subrounded and relatively small 
Organic material: 
-  Black to dark brown in PPL; Isotropic in XPL; Organic material is usually angular to 
subangular, sometimes exhibiting a bladed habit 
 
Core Sand Sample 6-2 (Sample Depth:  2.04-2.09 meters) 
Sample consists of fine grained sand that is very well sorted 
Primary Grains: 
Rhyolite rock fragments: 
-  Light to dark brown in PPL, a few rock fragments have quartz, untwinned feldspar, 
and/or plagioclase phenocrysts visible in PPL; 1
st
 order gray interference colors in XPL, 
rock fragments exhibit differential extinction angles for different minerals present within 
individual fragments (quartz, plagioclase and untwinned feldspars), plagioclase 
phenocrysts exhibit both simple and polysynthetic twinning; Grains are mostly subrounded 
to subangular 
Quartz/Untwinned feldspars: 
-  Colorless to light brown with low relief in PPL; 1
st
 order gray and yellow interference 
colors XPL, these grain types exhibit parallel, inclined, and undulatory extinction and are 
primarily monocrystalline, with some polycrystalline and a few  microcrystalline grains 
also present; Grains are mostly angular to subangular 
Plagioclase feldspars: 
-  Colorless with low relief in PPL; 1
st
 order gray interference colors with twinning in XPL, 
twinning is mostly polysynthetic and simple, with a few combo twins as well; Grains are 
mostly subangular to subrounded, with a few angular grains and some grains exhibiting the 
typical plagioclase lath habit 
Basalt/Andesite rock fragments: 
-  Black to dark brown with euhedral plagioclase laths visible in PPL, some rock fragments 
also have clinopyroxene/olivine and/or iron oxide mineral grains visible in PPL; 
Groundmass is isotropic in XPL, plagioclase laths present within the fragments are mostly 
simple twinned with a few that are polysynthetic twinned, clinopyroxene/olivine is easily 
visible in XPL when present; Grains are mostly subangular to subrounded 
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Welded Ash Flow Tuff rock fragments: 
-  Medium to dark brown in PPL, most of the grains have flow structures that are visible in 
PPL; Grains are mostly isotropic in XPL, however some grains exhibit a very low 1
st
 order 
gray interference color; Grains are mostly subrounded to subangular 
Accessory Grains: 
Clinopyroxene/Olivine: 
-  Colorless with high relief in PPL; High 1
st
 order to mid 2
nd
 order interference colors are 
exhibited in XPL; Occurs as small inclusions in some basalt/andesite rock fragments; 
Grains are usually small and exhibit a stubby habit, with most grains being subangular 
Volcanic glass: 
-  Black to dark brown in PPL; Isotropic in XPL; Grains are mostly angular to subangular 
Biotite: 
-  Brown to orange yellow in PPL with most grains displaying pleochroism, some grains 
are more pleochroic than others; Up to mid 2
nd
 order interference colors in XPL with some 
grains exhibiting birds-eye extinction; Grains are mostly rounded to subrounded 
Chlorite: 
-  Light to olive green in PPL with most grains exhibiting slight pleochroism; Upper 1
st
 
order interference colors in XPL with some grains exhibiting subtle birds-eye extinction; 
Occurs as an alteration mineral on some grains, however most of the chlorite is retrograde 
from biotite; Grains are mostly rounded to subrounded 
Iron oxides: 
-  Dark red in PPL; In XPL, interference colors are masked by the minerals dark red color; 
Occurs as small inclusions within basalt/andesite rock fragments and a few quartz grains; 
Grains are mostly subangular to subrounded and relatively small 
Organic material: 
-  Black to dark brown in PPL; Isotropic in XPL; Organic material is usually angular to 
subangular, sometimes exhibiting a bladed habit 
 
Core Sand Sample 12-1 (Sample Depth:  2.03-2.08 meters) 
Sample consists of fine grained sand that is very well sorted 
Primary Grains: 
Rhyolite rock fragments: 
-  Light to dark brown in PPL, a few rock fragments have quartz, untwinned feldspar, 
and/or plagioclase phenocrysts visible in PPL; 1
st
 order gray interference colors in XPL, 
rock fragments exhibit differential extinction angles for different minerals present within 
individual fragments (quartz, plagioclase and untwinned feldspars), plagioclase 
phenocrysts exhibit both simple and polysynthetic twinning; Grains are mostly subrounded 
to subangular 
Quartz/Untwinned feldspars: 
-  Colorless to light brown with low relief in PPL; 1
st
 order gray and yellow interference 
colors XPL, these grain types exhibit parallel, inclined, and undulatory extinction and are 
primarily monocrystalline, with some polycrystalline and a few  microcrystalline grains 





-  Colorless with low relief in PPL; 1
st
 order gray interference colors with twinning in XPL, 
twinning is mostly polysynthetic and simple, with a few combo twins as well; Grains are 
mostly subangular to subrounded, with a few angular grains and some grains exhibiting the 
typical plagioclase lath habit 
Basalt/Andesite rock fragments: 
-  Black to dark brown with euhedral plagioclase laths visible in PPL, some rock fragments 
also have clinopyroxene/olivine and/or iron oxide mineral grains visible in PPL; 
Groundmass is isotropic in XPL, plagioclase laths present within the fragments are mostly 
simple twinned with a few that are polysynthetic twinned, clinopyroxene/olivine is easily 
visible in XPL when present; Grains are mostly subangular to subrounded 
Welded Ash Flow Tuff rock fragments: 
-  Medium to dark brown in PPL, most of the grains have flow structures that are visible in 
PPL; Grains are mostly isotropic in XPL, however some grains exhibit a very low 1
st
 order 
gray interference color; Grains are mostly subrounded to rounded 
Accessory Grains: 
Clinopyroxene/Olivine: 
-  Colorless with high relief in PPL; High 1
st
 order to mid 2
nd
 order interference colors are 
exhibited in XPL; Occurs as small inclusions in some basalt/andesite rock fragments; 
Grains are usually small and exhibit a stubby habit, with most grains being subangular to 
subrounded, with a few rounded and angular grains as well 
Volcanic glass: 
-  Black to dark brown in PPL; Isotropic in XPL; Grains are mostly angular to subangular, 
with a few subrounded grains as well 
Biotite: 
-  Brown to orange yellow in PPL with most grains displaying pleochroism, some grains 
are more pleochroic than others; Up to mid 2
nd
 order interference colors in XPL with some 
grains exhibiting birds-eye extinction; Grains are mostly rounded to subrounded 
Chlorite: 
-  Light to olive green in PPL with most grains exhibiting slight pleochroism; Upper 1
st
 
order interference colors in XPL with some grains exhibiting subtle birds-eye extinction; 
Occurs as an alteration mineral on some grains, however most of the chlorite is retrograde 
from biotite; Grains are mostly rounded to subrounded 
Iron oxides: 
-  Dark red in PPL; In XPL, interference colors are masked by the minerals dark red color; 
Occurs as small inclusions within basalt/andesite rock fragments and a few quartz grains; 
Grains are mostly subangular to subrounded and relatively small 
Organic material: 
-  Black to dark brown in PPL; Isotropic in XPL; Organic material is usually angular to 
subangular, sometimes exhibiting a bladed habit 
Shell fragments: 
-  Colorless to light brown in PPL; 4
th
 order interference colors are exhibited in XPL along 





Core Sand Sample 12-2 (Sample Depth:  2.35-2.40 meters) 
Sample consists of fine grained sand that is very well sorted 
Primary Grains: 
Rhyolite rock fragments: 
-  Light to dark brown in PPL, a few rock fragments have quartz, untwinned feldspar, 
and/or plagioclase phenocrysts visible in PPL; 1
st
 order gray interference colors in XPL, 
rock fragments exhibit differential extinction angles for different minerals present within 
individual fragments (quartz, plagioclase and untwinned feldspars), plagioclase 
phenocrysts exhibit both simple and polysynthetic twinning; Grains are mostly subrounded 
to subangular 
Quartz/Untwinned feldspars: 
-  Colorless to light brown with low relief in PPL; 1
st
 order gray and yellow interference 
colors XPL, these grain types exhibit parallel, inclined, and undulatory extinction and are 
primarily monocrystalline, with some polycrystalline and a few  microcrystalline grains 
also present; Grains are mostly subangular, with some subrounded grains as well 
Plagioclase feldspars: 
-  Colorless with low relief in PPL; 1
st
 order gray interference colors with twinning in XPL, 
twinning is mostly polysynthetic and simple, with a few combo twins as well; Grains are 
mostly subangular to subrounded, with some grains exhibiting the typical plagioclase lath 
habit 
Welded Ash Flow Tuff rock fragments: 
-  Medium to dark brown in PPL, most of the grains have flow structures that are visible in 
PPL; Grains are mostly isotropic in XPL, however some grains exhibit a very low 1
st
 order 
gray interference color; Grains are mostly subrounded, with some rounded and subangular 
grains as well 
Volcanic glass: 
-  Black to dark brown in PPL; Isotropic in XPL; Grains are mostly angular to subangular 
Accessory Grains: 
Basalt/Andesite rock fragments: 
-  Black to dark brown with euhedral plagioclase laths visible in PPL, some rock fragments 
also have clinopyroxene/olivine and/or iron oxide mineral grains visible in PPL; 
Groundmass is isotropic in XPL, plagioclase laths present within the fragments are mostly 
simple twinned with a few that are polysynthetic twinned, clinopyroxene/olivine is easily 
visible in XPL when present; Grains are mostly subangular to subrounded 
Clinopyroxene/Olivine: 
-  Colorless with high relief in PPL; High 1
st
 order to mid 2
nd
 order interference colors are 
exhibited in XPL; Occurs as small inclusions in some basalt/andesite rock fragments; 
Grains are usually small and exhibit a stubby habit, with most grains being subangular 
Biotite: 
-  Brown to orange yellow in PPL with most grains displaying pleochroism, some grains 
are more pleochroic than others; Up to mid 2
nd
 order interference colors in XPL with some 
grains exhibiting birds-eye extinction; Grains are mostly rounded to subrounded 
Chlorite: 
-  Light to olive green in PPL with most grains exhibiting slight pleochroism; Upper 1
st
 
order interference colors in XPL with some grains exhibiting subtle birds-eye extinction; 
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Occurs as an alteration mineral on some grains, however most of the chlorite is retrograde 
from biotite; Grains are mostly rounded to subrounded 
Iron oxides: 
-  Dark red in PPL; In XPL, interference colors are masked by the minerals dark red color; 
Occurs as small inclusions within basalt/andesite rock fragments and a few quartz grains; 
Grains are mostly subangular to subrounded and relatively small 
Shell fragments: 
-  Colorless to light brown in PPL; 4
th
 order interference colors are exhibited in XPL along 
with birds-eye extinction; Fragments are mostly angular and relatively 
Organic material: 
-  Black to dark brown in PPL; Isotropic in XPL; Organic material is usually angular to 
subangular, sometimes exhibiting a bladed habit 
 
Core Sand Sample 13-1 (Sample Depth:  2.13-2.18 meters) 
Sample consists of medium to fine grained sand that is well sorted 
Primary Grains: 
Rhyolite rock fragments: 
-  Light to dark brown in PPL, a few rock fragments have quartz, untwinned feldspar, 
and/or plagioclase phenocrysts visible in PPL; 1
st
 order gray interference colors in XPL, 
rock fragments exhibit differential extinction angles for different minerals present within 
individual fragments (quartz, plagioclase and untwinned feldspars), plagioclase 
phenocrysts exhibit both simple and polysynthetic twinning; Grains are mostly subrounded 
to subangular, with a few rounded and angular grains as well 
Quartz/Untwinned feldspars: 
-  Colorless to light brown with low relief in PPL; 1
st
 order gray and yellow interference 
colors XPL, these grain types exhibit parallel, inclined, and undulatory extinction and are 
primarily monocrystalline, with some polycrystalline and a few  microcrystalline grains 
also present; Grains are mostly subangular to subrounded, with some rounded grains as 
well 
Welded Ash Flow Tuff rock fragments: 
-  Medium to dark brown in PPL, most of the grains have flow structures that are visible in 
PPL, a few grains also have quartz phenocrysts; Grains are mostly isotropic in XPL, 
however some grains exhibit a very low 1
st
 order gray interference color; Grains are mostly 
subangular to subrounded, with a few angular and rounded grains as well 
Plagioclase feldspars: 
-  Colorless with low relief in PPL; 1
st
 order gray interference colors with twinning in XPL, 
twinning is mostly polysynthetic and simple, with a few combo twins as well; Grains are 
mostly subrounded to subangular, with a few angular grains and some grains exhibiting the 
typical plagioclase lath habit 
Basalt/Andesite rock fragments: 
-  Black to dark brown with euhedral plagioclase laths visible in PPL, some rock fragments 
also have clinopyroxene/olivine and/or iron oxide mineral grains visible in PPL; 
Groundmass is isotropic in XPL, plagioclase laths present within the fragments are mostly 
simple twinned with a few that are polysynthetic twinned, clinopyroxene/olivine is easily 
visible in XPL when present; Grains are mostly subangular to subrounded, with a few 




-  Light/dark brown to orange yellow in PPL with most grains displaying pleochroism, 
some grains are more pleochroic than others; Up to mid 2
nd
 order interference colors in 
XPL with some grains exhibiting birds-eye extinction; Grains are mostly rounded to 
subrounded, with a few grains exhibiting a bladed habit 
Chlorite: 
-  Light to olive green in PPL with most grains exhibiting slight pleochroism; Upper 1
st
 
order interference colors in XPL with some grains exhibiting subtle birds-eye extinction; 
Occurs as an alteration mineral on some grains, however most of the chlorite is retrograde 
from biotite; Grains are mostly subrounded to rounded 
Volcanic glass: 
-  Black to dark brown in PPL; Isotropic in XPL; Grains are mostly angular to subangular, 
with a few subrounded grains as well 
Clinopyroxene/Olivine: 
-  Colorless with high relief in PPL; High 1
st
 order to mid 2
nd
 order interference colors are 
exhibited in XPL; Occurs as small inclusions in some basalt/andesite rock fragments; 
Grains are usually small and exhibit a stubby habit, with most grains being subangular 
Iron oxides: 
-  Dark red in PPL; In XPL, interference colors are masked by the minerals dark red color; 
Occurs as small inclusions within basalt/andesite rock fragments and a few quartz grains; 
Grains are mostly subrounded and relatively small 
Shell fragments: 
-  Colorless to light brown in PPL; 4
th
 order interference colors are exhibited in XPL along 
with birds-eye extinction; Fragments are mostly angular and relatively small 
Organic material: 
-  Black to dark brown in PPL; Isotropic in XPL; Organic material is usually angular to 
subangular, sometimes exhibiting a bladed habit 
 
Core Sand Sample 13-2 (Sample Depth:  2.87-2.92 meters) 
Sample consists of fine to very fine grained sand that is well sorted 
Primary Grains: 
Rhyolite rock fragments: 
-  Light to dark brown in PPL, a few rock fragments have quartz, untwinned feldspar, 
and/or plagioclase phenocrysts visible in PPL; 1
st
 order gray interference colors in XPL, 
rock fragments exhibit differential extinction angles for different minerals present within 
individual fragments (quartz, plagioclase and untwinned feldspars), plagioclase 
phenocrysts exhibit both simple and polysynthetic twinning; Grains are mostly subangular 
to subrounded, with some rounded grains as well 
Quartz/Untwinned feldspars: 
-  Colorless to light brown with low relief in PPL; 1
st
 order gray and yellow interference 
colors XPL, these grain types exhibit parallel, inclined, and undulatory extinction and are 
primarily monocrystalline, with some polycrystalline and a few  microcrystalline grains 
also present; Grains are mostly subangular to subrounded, with some angular and rounded 
grains as well 
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Welded Ash Flow Tuff rock fragments: 
-  Medium to dark brown in PPL, most of the grains have flow structures that are visible in 
PPL, a few grains also have quartz phenocrysts; Grains are mostly isotropic in XPL, 
however some grains exhibit a very low 1
st
 order gray interference color; Grains are mostly 
subrounded to subangular, with a few angular grains as well 
Plagioclase feldspars: 
-  Colorless with low relief in PPL; 1
st
 order gray interference colors with twinning in XPL, 
twinning is mostly polysynthetic and simple, with a few combo twins as well; Grains are 
mostly subangular to subrounded, with some grains exhibiting the typical plagioclase lath 
habit 
Volcanic glass: 
-  Black to dark brown in PPL; Isotropic in XPL; Grains are mostly angular to subangular, 
with a few subrounded grains as well 
Biotite: 
-  Light/dark brown to orange yellow in PPL with most grains displaying pleochroism, 
some grains are more pleochroic than others; Up to mid 2
nd
 order interference colors in 
XPL with some grains exhibiting birds-eye extinction; Grains are mostly rounded to 
subrounded, with a few grains exhibiting a bladed habit 
Accessory Grains: 
Basalt/Andesite rock fragments: 
-  Black to dark brown with euhedral plagioclase laths visible in PPL, some rock fragments 
also have clinopyroxene/olivine and/or iron oxide mineral grains visible in PPL; 
Groundmass is isotropic in XPL, plagioclase laths present within the fragments are mostly 
simple twinned with a few that are polysynthetic twinned, clinopyroxene/olivine is easily 
visible in XPL when present; Grains are mostly subangular to subrounded 
Chlorite: 
-  Light to olive green in PPL with most grains exhibiting slight pleochroism; Upper 1
st
 
order interference colors in XPL with some grains exhibiting subtle birds-eye extinction; 
Occurs as an alteration mineral on some grains, however most of the chlorite is retrograde 
from biotite; Grains are mostly rounded to subrounded 
Clinopyroxene/Olivine: 
-  Colorless with high relief in PPL; High 1
st
 order to mid 2
nd
 order interference colors are 
exhibited in XPL; Occurs as small inclusions in some basalt/andesite rock fragments; 
Grains are usually small and exhibit a stubby habit, with most grains being subangular to 
subrounded 
Iron oxides: 
-  Dark red in PPL; In XPL, interference colors are masked by the minerals dark red color; 
Occurs as small inclusions within basalt/andesite rock fragments and a few quartz grains; 
Grains are mostly rounded to subrounded and relatively small 
Organic material: 
-  Black to dark brown in PPL; Isotropic in XPL; Organic material is usually angular to 
subangular, sometimes exhibiting a bladed habit 
Shell fragments: 
-  Colorless to light brown in PPL; 4
th
 order interference colors are exhibited in XPL along 
with birds-eye extinction; Fragments are mostly angular 
 
 103 
Northern Core Suite:  Samples are arranged from the most landward to the most seaward  
 
Core Sand Sample 9-1 (Sample Depth:  3.79-3.84 meters) 
Sample consists of very fine grained sand that is very well sorted 
Primary Grains: 
Quartz/Untwinned feldspars: 
-  Colorless to light brown with low relief in PPL; 1
st
 order gray and yellow interference 
colors XPL, these grain types exhibit parallel, inclined, and undulatory extinction and are 
primarily monocrystalline, with a few polycrystalline and microcrystalline grains also 
present; Grains are mostly subrounded to subangular, with some angular and rounded 
grains as well 
Rhyolite rock fragments: 
-  Light to dark brown in PPL, a few rock fragments have quartz, untwinned feldspar, 
and/or plagioclase phenocrysts visible in PPL; 1
st
 order gray interference colors in XPL, 
rock fragments exhibit differential extinction angles for different minerals present within 
individual fragments (quartz, plagioclase and untwinned feldspars), plagioclase 
phenocrysts exhibit both simple and polysynthetic twinning; Grains are mostly subrounded 
to subangular, with some angular and rounded grains as well 
Plagioclase feldspars: 
-  Colorless with low relief in PPL; 1
st
 order gray interference colors with twinning in XPL, 
twinning is mostly polysynthetic and simple, with a few combo twins as well; Grains are 
mostly subangular to subrounded, with some grains exhibiting the typical plagioclase lath 
habit 
Volcanic glass: 
-  Black to dark brown in PPL; Isotropic in XPL; Grains are mostly subangular to angular, 
with a few subrounded and rounded grains as well 
Welded Ash Flow Tuff rock fragments: 
-  Medium to dark brown in PPL, most of the grains have flow structures that are visible in 
PPL; Grains are mostly isotropic in XPL, however some grains exhibit a very low 1
st
 order 
gray interference color; Grains are mostly subrounded to subangular, with some rounded 
grains as well 
Biotite: 
-  Brown to orange yellow in PPL with most grains displaying pleochroism, some grains 
are more pleochroic than others; Up to mid 2
nd
 order interference colors in XPL with some 
grains exhibiting birds-eye extinction; Grains are mostly rounded to subrounded 
Accessory Grains: 
Basalt/Andesite rock fragments: 
-  Black to dark brown with euhedral plagioclase laths visible in PPL, some rock fragments 
also have clinopyroxene/olivine and/or iron oxide mineral grains visible in PPL; 
Groundmass is isotropic in XPL, plagioclase laths present within the fragments are mostly 
simple twinned, clinopyroxene/olivine is easily visible in XPL when present; Grains are 
mostly subrounded to subangular 
Chlorite:  
-  Light to olive green in PPL with most grains exhibiting slight pleochroism; Upper 1
st
 
order to low 2
nd
 order interference colors in XPL with some grains exhibiting subtle birds-
eye extinction; Occurs as an alteration mineral on some grains, however most of the 
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chlorite is retrograde from biotite; Grains are mostly rounded to subrounded, with some 
grains being subangular 
Clinopyroxene/Olivine: 
-  Colorless with high relief in PPL; High 1
st
 order to mid 2
nd
 order interference colors are 
exhibited in XPL; Occurs as small inclusions in some basalt/andesite rock fragments; 
Grains are usually small and exhibit a stubby habit, with most grains being subrounded and 
a few being subangular and rounded 
Shell fragments: 
-  Colorless to light brown in PPL; 4
th
 order interference colors are exhibited in XPL along 
with birds-eye extinction; Fragments are mostly angular, with one fragment being rounded 
Iron oxides: 
-  Dark red in PPL; In XPL, interference colors are masked by the minerals dark red color; 
Occurs as small inclusions within basalt/andesite rock fragments; Grains are mostly 
subrounded and relatively small 
Organic material: 
-  Black to dark brown in PPL; Isotropic in XPL; Organic material is usually angular to 
subangular, sometimes exhibiting a bladed habit 
 
Core Sand Sample 11-1 (Sample Depth:  1.67-1.72 meters) 
Sample consists of fine to very fine grained sand that is well sorted 
Primary Grains: 
Rhyolite rock fragments: 
-  Light to dark brown in PPL, a few rock fragments have quartz, untwinned feldspar, 
and/or plagioclase phenocrysts visible in PPL; 1
st
 order gray interference colors in XPL, 
rock fragments exhibit differential extinction angles for different minerals present within 
individual fragments (quartz, plagioclase and untwinned feldspars); Grains are mostly 
subrounded to subangular, with some angular and rounded grains as well 
Quartz/Untwinned feldspars: 
-  Colorless to light brown with low relief in PPL; 1
st
 order gray and yellow interference 
colors XPL, these grain types exhibit parallel, inclined, and undulatory extinction and are 
primarily monocrystalline, with some polycrystalline and a few microcrystalline grains also 
present; Grains are mostly subangular to subrounded, with some rounded and angular 
grains as well 
Plagioclase feldspars: 
-  Colorless with low relief in PPL; 1
st
 order gray interference colors with twinning in XPL, 
twinning is mostly polysynthetic and simple, with a few combo twins as well; Grains are 
mostly subangular, with some grains exhibiting the typical plagioclase lath habit 
Welded Ash Flow Tuff rock fragments: 
-  Medium to dark brown in PPL, most of the grains have flow structures that are visible in 
PPL; Grains are mostly isotropic in XPL, however some grains exhibit a very low 1
st
 order 
gray interference color; Grains are mostly subrounded to subangular 
Biotite: 
-  Light/dark brown to orange yellow in PPL with most grains displaying pleochroism, 
some grains are more pleochroic than others; Up to low 2
nd
 order interference colors in 
XPL with some grains exhibiting birds-eye extinction; Grains are mostly rounded to 
subrounded; Some of the grains are highly dissolved 
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Volcanic glass: 
-  Black to dark brown in PPL; Isotropic in XPL; Grains are mostly subangular, with some 
subrounded grains as well 
Accessory Grains: 
Chlorite: 
-  Light to olive green in PPL with most grains exhibiting slight pleochroism; Upper 1
st
 
order interference colors in XPL with some grains exhibiting subtle birds-eye extinction; 
Occurs as an alteration mineral on some grains, however most of the chlorite is retrograde 
from biotite; Grains are mostly subrounded to rounded 
Iron oxides: 
-  Dark red in PPL; In XPL, interference colors are masked by the minerals dark red color; 
Occurs as small inclusions within basalt/andesite rock fragments and a few quartz grains; 
Grains are mostly rounded, with a few grains exhibiting a bladed habit 
Basalt/Andesite rock fragments: 
-  Black to dark brown with subhedral to euhedral plagioclase laths visible in PPL, some 
rock fragments also have clinopyroxene/olivine and/or iron oxide mineral grains visible in 
PPL; Groundmass is isotropic in XPL, plagioclase laths present within the fragments are 
mostly simple twinned, clinopyroxene/olivine is easily visible in XPL when present; Grains 
are mostly subangular 
Organic material: 
-  Black to dark brown in PPL; Isotropic in XPL; Organic material is usually angular to 
subangular, sometimes exhibiting a bladed habit 
Clinopyroxene/Olivine: 
-  Colorless with high relief in PPL; High 1
st
 order to mid 2
nd
 order interference colors are 
exhibited in XPL; Occurs as small inclusions in some basalt/andesite rock fragments; 
Grains are usually small and exhibit a stubby habit, with most grains being angular to 
subangular 
Shell fragments: 
-  Colorless to light brown in PPL; 4
th
 order interference colors are exhibited in XPL along 
with birds-eye extinction; Fragments are mostly angular 
 
Core Sand Sample 11-2 (Sample Depth:  1.97-2.02 meters) 
Sample consists of fine to very fine grained sand that is well sorted 
Primary Grains: 
Quartz/Untwinned feldspars: 
-  Colorless to light brown with low relief in PPL; 1
st
 order gray and yellow interference 
colors XPL, these grain types exhibit parallel, inclined, and undulatory extinction and are 
primarily monocrystalline, with some polycrystalline and a few microcrystalline grains also 
present; Grains are mostly subangular to subrounded, with some rounded and angular 
grains as well 
Rhyolite rock fragments: 
-  Light to dark brown in PPL, a few rock fragments have quartz, untwinned feldspar, 
and/or plagioclase phenocrysts visible in PPL; 1
st
 order gray interference colors in XPL, 
rock fragments exhibit differential extinction angles for different minerals present within 
individual fragments (quartz, plagioclase and untwinned feldspars); Grains are mostly 
subrounded to subangular, with some grains being angular 
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Welded Ash Flow Tuff rock fragments: 
-  Medium to dark brown in PPL, most of the grains have flow structures that are visible in 
PPL; Grains are mostly isotropic in XPL, however some grains exhibit a very low 1
st
 order 
gray interference color; Grains are mostly subangular to subrounded, with a few grains 
being rounded 
Biotite: 
-  Light/dark brown to orange yellow in PPL with most grains displaying pleochroism, 
some grains are more pleochroic than others; Up to low 2
nd
 order interference colors in 
XPL with some grains exhibiting birds-eye extinction; Grains are mostly rounded to 
subrounded, with some grains exhibiting a bladed habit 
Plagioclase feldspars: 
-  Colorless with low relief in PPL; 1
st
 order gray interference colors with twinning in XPL, 
twinning is mostly simple and polysynthetic, with a few combo twins as well; Grains are 
mostly subangular, with some grains exhibiting the typical plagioclase lath habit 
Volcanic glass: 
-  Black to dark brown in PPL; Isotropic in XPL; Grains are mostly subangular, with some 
rounded and angular grains as well 
Accessory Grains: 
Iron oxides: 
-  Dark red in PPL; In XPL, interference colors are masked by the minerals dark red color; 
Occurs as small inclusions within basalt/andesite rock fragments; Grains are mostly 
rounded to subrounded and relatively small 
Chlorite: 
-  Light to olive green in PPL with most grains exhibiting slight pleochroism; Upper 1
st
 
order interference colors in XPL with some grains exhibiting subtle birds-eye extinction; 
Occurs as an alteration mineral on some grains, however most of the chlorite is retrograde 
from biotite; Grains are mostly rounded to subrounded 
Basalt/Andesite rock fragments: 
-  Black to dark brown with subhedral to euhedral plagioclase laths visible in PPL, some 
rock fragments also have clinopyroxene/olivine and/or iron oxide mineral grains visible in 
PPL; Groundmass is isotropic in XPL, plagioclase laths present within the fragments are 
mostly simple twinned, clinopyroxene/olivine is easily visible in XPL when present; Grains 
are mostly subangular to subrounded 
Clinopyroxene/Olivine: 
-  Colorless with high relief in PPL; High 1
st
 order to mid 2
nd
 order interference colors are 
exhibited in XPL; Occurs as small inclusions in some basalt/andesite rock fragments; 
Grains are usually small and exhibit a stubby habit, with most grains being angular to 
subangular 
Organic material: 
-  Black to dark brown in PPL; Isotropic in XPL; Organic material is usually angular to 
subangular, sometimes exhibiting a bladed habit 
Shell fragments: 
-  Colorless to light brown in PPL; 4
th
 order interference colors are exhibited in XPL along 




Core Sand Sample 11-3 (Sample Depth:  2.84-2.89 meters) 
Sample consists of medium to fine grained sand that is well sorted 
Primary Grains: 
Rhyolite rock fragments: 
-  Light to dark brown in PPL, a few rock fragments have quartz, untwinned feldspar, 
and/or plagioclase phenocrysts visible in PPL; 1
st
 order gray interference colors in XPL, 
rock fragments exhibit differential extinction angles for different minerals present within 
individual fragments (quartz, plagioclase and untwinned feldspars); Grains are mostly 
subangular to subrounded 
Quartz/Untwinned feldspars: 
-  Colorless to light brown with low relief in PPL; 1
st
 order gray and yellow interference 
colors XPL, these grain types exhibit parallel, inclined, and undulatory extinction and are 
primarily monocrystalline, with some polycrystalline and microcrystalline grains also 
present; Grains are mostly subangular to subrounded, with some rounded and angular 
grains as well 
Welded Ash Flow Tuff rock fragments: 
-  Medium to dark brown in PPL, most of the grains have flow structures that are visible in 
PPL, a few grains have quartz phenocrysts; Grains are mostly isotropic in XPL, however 
some grains exhibit a very low 1
st
 order gray interference color; Grains are mostly 
subrounded to rounded, with some being subangular and angular 
Plagioclase feldspars: 
-  Colorless with low relief in PPL; 1
st
 order gray interference colors with twinning in XPL, 
twinning is mostly simple and polysynthetic, with a few combo twins as well; Grains are 
mostly subangular to angular, with some grains exhibiting the typical plagioclase lath habit 
Biotite: 
-  Light/dark brown to orange yellow in PPL with most grains displaying pleochroism, 
some grains are more pleochroic than others; Up to low 2
nd
 order interference colors in 
XPL with some grains exhibiting birds-eye extinction; Grains are mostly rounded, with 
some grains exhibiting a bladed habit 
Volcanic glass: 
-  Black to dark brown in PPL; Isotropic in XPL; Grains are mostly angular to subangular, 
with some subrounded grains as well 
Accessory Grains: 
Clinopyroxene/Olivine: 
-  Colorless with high relief in PPL; High 1
st
 order to mid 2
nd
 order interference colors are 
exhibited in XPL; Occurs as small inclusions in some basalt/andesite rock fragments; 
Grains are usually small and exhibit a stubby habit, with most grains being angular to 
subangular 
Chlorite: 
-  Light to olive green in PPL with most grains exhibiting slight pleochroism; Upper 1
st
 
order interference colors in XPL with some grains exhibiting subtle birds-eye extinction; 
Occurs as an alteration mineral on some grains, however most of the chlorite is retrograde 
from biotite; Grains are mostly rounded to subrounded 
Basalt/Andesite rock fragments: 
-  Black to dark brown with subhedral to euhedral plagioclase laths visible in PPL, some 
rock fragments also have clinopyroxene/olivine and/or iron oxide mineral grains visible in 
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PPL; Groundmass is isotropic in XPL, plagioclase laths present within the fragments are 
mostly simple twinned, clinopyroxene/olivine is easily visible in XPL when present; Grains 
are mostly subangular to subrounded 
Iron oxides: 
-  Dark red in PPL; In XPL, interference colors are masked by the minerals dark red color; 
Occurs as small inclusions within basalt/andesite rock fragments; Grains are mostly 
subangular to subrounded and relatively small 
Organic material:  
-  Black to dark brown in PPL; Isotropic in XPL; Organic material is usually angular to 
subangular, sometimes exhibiting a bladed habit 
Shell fragments: 
-  Colorless to light brown in PPL; 4
th
 order interference colors are exhibited in XPL along 
with birds-eye extinction; Fragments are mostly angular 
 
Core Sand Sample 1-1 (Sample Depth:  1.68-1.73 meters) 
Sample consists of very fine grained sand that is very well sorted 
Primary Grains: 
Rhyolite rock fragments: 
-  Light to dark brown in PPL, a few rock fragments have quartz, untwinned feldspar, 
and/or plagioclase phenocrysts visible in PPL; 1
st
 order gray interference colors in XPL, 
rock fragments exhibit differential extinction angles for different minerals present within 
individual fragments (quartz, plagioclase and untwinned feldspars); Grains are mostly 
subangular to subrounded, with some rounded and angular grains also present 
Quartz/Untwinned feldspars: 
-  Colorless to light brown with low relief in PPL; 1
st
 order gray and yellow interference 
colors XPL, these grain types exhibit parallel, inclined, and undulatory extinction and are 
primarily monocrystalline, with some polycrystalline and microcrystalline grains also 
present; Grains are mostly subangular to subrounded, with some rounded and angular 
grains as well 
Welded Ash Flow Tuff rock fragments: 
-  Medium to dark brown in PPL, most of the grains have flow structures that are visible in 
PPL, Grains are mostly isotropic in XPL, however some grains exhibit a very low 1
st
 order 
gray interference color; Grains are mostly subrounded, with a few being subangular and 
angular 
Plagioclase feldspars: 
-  Colorless with low relief in PPL; 1
st
 order gray interference colors with twinning in XPL, 
twinning is mostly polysynthetic and simple, with a few combo twins as well; Grains are 
mostly angular to subangular, with some grains exhibiting the typical plagioclase lath habit 
Volcanic glass: 
-  Black to dark brown in PPL; Isotropic in XPL; Grains are mostly subangular to angular, 
with some subrounded grains as well 
Accessory Grains: 
Basalt/Andesite rock fragments: 
-  Black to dark brown with subhedral to euhedral plagioclase laths visible in PPL, some 
rock fragments also have clinopyroxene/olivine and/or iron oxide mineral grains visible in 
PPL; Groundmass is isotropic in XPL, plagioclase laths present within the fragments are 
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mostly simple twinned, clinopyroxene/olivine is easily visible in XPL when present; Grains 
are mostly subangular to subrounded, with a few angular grains as well 
Biotite: 
-  Brown to orange yellow in PPL with most grains displaying pleochroism, some grains 
are more pleochroic than others; Up to low 2
nd
 order interference colors in XPL with some 
grains exhibiting birds-eye extinction; Grains are mostly rounded to well rounded, with 
some that are subrounded  
Chlorite: 
-  Light to olive green in PPL with most grains exhibiting slight pleochroism; Upper 1
st
 
order interference colors in XPL with some grains exhibiting subtle birds-eye extinction; 
Occurs as an alteration mineral on some grains, however most of the chlorite is retrograde 
from biotite; Grains are mostly rounded to well rounded, with a few that are subrounded as 
well 
Clinopyroxene/Olivine: 
-  Colorless with high relief in PPL; High 1
st
 order to mid 2
nd
 order interference colors are 
exhibited in XPL; Occurs as small inclusions in some basalt/andesite rock fragments; 
Grains are usually small and exhibit a stubby habit, with most grains being angular to 
subangular 
Iron oxides: 
-  Dark red in PPL; In XPL, interference colors are masked by the minerals dark red color; 
Occurs as small inclusions within basalt/andesite rock fragments; Grains are mostly 
subangular to subrounded and relatively small 
Shell fragments: 
-  Colorless to light brown in PPL; 4
th
 order interference colors are exhibited in XPL along 
with birds-eye extinction; Fragments are mostly angular to subangular 
Organic material: 
-  Black to dark brown in PPL; Isotropic in XPL; Organic material is usually angular to 
subangular, sometimes exhibiting a bladed habit 
 
Core Sand Sample 1-2 (Sample Depth:  2.13-2.18 meters) 
Sample consists of very fine grained sand that is very well sorted  
Primary Grains: 
Rhyolite rock fragments: 
-  Light to dark brown in PPL, a few rock fragments have quartz, untwinned feldspar, 
and/or plagioclase phenocrysts visible in PPL; 1
st
 order gray interference colors in XPL, 
rock fragments exhibit differential extinction angles for different minerals present within 
individual fragments (quartz, plagioclase and untwinned feldspars); Grains are mostly 
subangular to subrounded, with a few rounded and angular grains also present 
Quartz/Untwinned feldspars: 
-  Colorless to light brown with low relief in PPL; 1
st
 order gray and yellow interference 
colors XPL, these grain types exhibit parallel, inclined, and undulatory extinction and are 
primarily monocrystalline, with some polycrystalline and microcrystalline grains also 
present; Grains are mostly subangular, with some subrounded and angular grains as well 
Plagioclase feldspars: 
-  Colorless with low relief in PPL; 1
st
 order gray interference colors with twinning in XPL, 
twinning is mostly polysynthetic and simple, with a few combo twins as well; Grains are 
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mostly subangular to subrounded, with some grains exhibiting the typical plagioclase lath 
habit 
Welded Ash Flow Tuff rock fragments: 
-  Medium to dark brown in PPL, most of the grains have flow structures that are visible in 
PPL, Grains are mostly isotropic in XPL, however some grains exhibit a very low 1
st
 order 
gray interference color; Grains are mostly subangular to subrounded, with a few being 
rounded 
Volcanic glass: 
-  Black to dark brown in PPL; Isotropic in XPL; Grains are mostly subangular to angular, 
with a few being subrounded 
Accessory Grains: 
Basalt/Andesite rock fragments: 
-  Black to dark brown with subhedral to euhedral plagioclase laths visible in PPL, some 
rock fragments also have clinopyroxene/olivine and/or iron oxide mineral grains visible in 
PPL; Groundmass is isotropic in XPL, plagioclase laths present within the fragments are 
mostly simple twinned, clinopyroxene/olivine is easily visible in XPL when present; Grains 
are mostly subangular to subrounded 
Biotite: 
-  Brown to orange yellow in PPL with most grains displaying pleochroism, some grains 
are more pleochroic than others; Up to low 2
nd
 order interference colors in XPL with some 
grains exhibiting birds-eye extinction; Grains are mostly rounded to well rounded, with 
some that are subrounded and subangular 
Chlorite: 
-  Light to olive green in PPL with most grains exhibiting slight pleochroism; Upper 1
st
 
order interference colors in XPL with some grains exhibiting subtle birds-eye extinction; 
Occurs as an alteration mineral on some grains, however most of the chlorite is retrograde 
from biotite; Grains are mostly rounded to well rounded 
Clinopyroxene/Olivine: 
-  Colorless with high relief in PPL; High 1
st
 order to mid 2
nd
 order interference colors are 
exhibited in XPL; Occurs as small inclusions in some basalt/andesite rock fragments; 
Grains are usually small and exhibit a stubby habit, with most grains being subangular 
Iron oxides: 
-  Dark red in PPL; In XPL, interference colors are masked by the minerals dark red color; 
Occurs as small inclusions within basalt/andesite rock fragments; Grains are mostly 
subangular to subrounded and relatively small 
Shell fragments: 
-  Colorless to light brown in PPL; 4
th
 order interference colors are exhibited in XPL along 
with birds-eye extinction; Fragments are mostly angular, with a few being subangular 
Organic material: 
-  Black to dark brown in PPL; Isotropic in XPL; Organic material is usually subangular to 







Core Sand Sample 1-3 (Sample Depth:  3.01-3.06 meters) 
Sample consists of fine to very fine grained sand that is well sorted 
Primary Grains: 
Rhyolite rock fragments: 
-  Light to dark brown in PPL, a few rock fragments have quartz, untwinned feldspar, 
and/or plagioclase phenocrysts visible in PPL; 1
st
 order gray interference colors in XPL, 
rock fragments exhibit differential extinction angles for different minerals present within 
individual fragments (quartz, plagioclase and untwinned feldspars); Grains are mostly 
subrounded to subangular, with a few rounded and angular grains also present 
Quartz/Untwinned feldspars: 
-  Colorless to light brown with low relief in PPL; 1
st
 order gray and yellow interference 
colors XPL, these grain types exhibit parallel, inclined, and undulatory extinction and are 
primarily monocrystalline, with some polycrystalline and microcrystalline grains also 
present; Grains are mostly subangular to subrounded, with some rounded and angular 
grains as well 
Welded Ash Flow Tuff rock fragments: 
-  Medium to dark brown in PPL, most of the grains have flow structures that are visible in 
PPL, Grains are mostly isotropic in XPL, however some grains exhibit a very low 1
st
 order 
gray interference color; Grains are mostly subrounded and subangular, with a few being 
rounded 
Plagioclase feldspars: 
-  Colorless with low relief in PPL; 1
st
 order gray interference colors with twinning in XPL, 
twinning is mostly polysynthetic and simple, with a few combo twins as well; Grains are 
mostly subangular to angular, with some grains exhibiting the typical plagioclase lath habit 
Biotite: 
-  Brown to orange yellow in PPL with most grains displaying pleochroism, some grains 
are more pleochroic than others; Up to low 2
nd
 order interference colors in XPL with some 
grains exhibiting birds-eye extinction; Grains are mostly rounded, with some that are 
subrounded and subangular and a few that are angular 
Volcanic glass: 
-  Black to dark brown in PPL; Isotropic in XPL; Grains are mostly subangular to angular, 
with some being subrounded  
Accessory Grains: 
Chlorite: 
-  Light to olive green in PPL with most grains exhibiting slight pleochroism; Upper 1
st
 
order interference colors in XPL with some grains exhibiting subtle birds-eye extinction; 
Occurs as an alteration mineral on some grains, however most of the chlorite is retrograde 
from biotite; Grains are mostly rounded to subrounded, with a few angular grains as well 
Basalt/Andesite rock fragments: 
-  Black to dark brown with subhedral to euhedral plagioclase laths visible in PPL; 
Groundmass is isotropic in XPL, plagioclase laths present within the fragments are mostly 
simple twinned; Grains are mostly subangular 
Shell fragments: 
-  Colorless to light brown in PPL; 4
th
 order interference colors are exhibited in XPL along 
with birds-eye extinction; Fragments are mostly angular, with a few being subrounded; 




-  Black to dark brown in PPL; Isotropic in XPL; Organic material is usually subangular to 
angular, sometimes exhibiting a bladed habit 
Iron oxides: 
-  Dark red in PPL; In XPL, interference colors are masked by the minerals dark red color; 
Grains are mostly subangular to subrounded 
Clinopyroxene/Olivine: 
-  Colorless with high relief in PPL; High 1
st
 order to mid 2
nd
 order interference colors are 
exhibited in XPL; Grains are usually small and exhibit a stubby habit, with most grains 
being subangular 
 
Core Sand Sample 10-1 (Sample Depth:  1.63-1.68 meters) 
Sample consists of fine grained sand that is very well sorted 
Primary Grains: 
Rhyolite rock fragments: 
-  Light to dark brown in PPL, a few rock fragments have quartz, untwinned feldspar, 
and/or plagioclase phenocrysts visible in PPL; 1
st
 order gray interference colors in XPL, 
rock fragments exhibit differential extinction angles for different minerals present within 
individual fragments (quartz, plagioclase and untwinned feldspars); Grains are mostly 
subrounded to subangular, with some rounded and a few angular grains also present 
Quartz/Untwinned feldspars: 
-  Colorless to light brown with low relief in PPL; 1
st
 order gray and yellow interference 
colors XPL, these grain types exhibit parallel, inclined, and undulatory extinction and are 
primarily monocrystalline, with some polycrystalline and microcrystalline grains also 
present; Grains are mostly subangular to subrounded, with some rounded and angular 
grains as well 
Welded Ash Flow Tuff rock fragments: 
-  Medium to dark brown in PPL, most of the grains have flow structures that are visible in 
PPL, a few grains have quartz phenocrysts; Grains are mostly isotropic in XPL, however 
some grains exhibit a very low 1
st
 order gray interference color; Grains are mostly 
subrounded, with some being subangular 
Plagioclase feldspars: 
-  Colorless with low relief in PPL; 1
st
 order gray interference colors with twinning in XPL, 
twinning is mostly polysynthetic and simple, with a few combo twins as well; Grains are 
mostly subangular to subrounded, with some grains exhibiting the typical plagioclase lath 
habit 
Biotite: 
-  Brown to orange yellow in PPL with most grains displaying pleochroism, some grains 
are more pleochroic than others; Up to low 2
nd
 order interference colors in XPL with some 
grains exhibiting birds-eye extinction; Grains are mostly rounded, with some that are 
subrounded and subangular 
Volcanic glass: 
-  Black to dark brown in PPL; Isotropic in XPL; Grains are mostly subangular to 




Basalt/Andesite rock fragments: 
-  Black to dark brown with subhedral to euhedral plagioclase laths visible in PPL, some 
rock fragments also have clinopyroxene/olivine and/or iron oxide mineral grains visible in 
PPL; Groundmass is isotropic in XPL, plagioclase laths present within the fragments are 
mostly simple twinned, clinopyroxene/olivine is easily visible in XPL when present; Grains 
are mostly subrounded 
Chlorite: 
-  Light to olive green in PPL with most grains exhibiting slight pleochroism; Upper 1
st
 
order interference colors in XPL with some grains exhibiting subtle birds-eye extinction; 
Occurs as an alteration mineral on some grains, however most of the chlorite is retrograde 
from biotite; Grains are mostly rounded to subrounded 
Clinopyroxene/Olivine: 
-  Colorless with high relief in PPL; High 1
st
 order to mid 2
nd
 order interference colors are 
exhibited in XPL; Occurs as small inclusions in some basalt/andesite rock fragments; 
Grains are usually small and exhibit a stubby habit, with most grains being subrounded to 
subangular 
Organic material: 
-  Black to dark brown in PPL; Isotropic in XPL; Organic material is usually subangular to 
angular, sometimes exhibiting a bladed habit 
Iron oxides: 
-  Dark red in PPL; In XPL, interference colors are masked by the minerals dark red color; 
Occurs as small inclusions within basalt/andesite rock fragments; Grains are mostly 
rounded and relatively small 
Shell fragments: 
-  Colorless to medium brown in PPL; 4
th
 order interference colors are exhibited in XPL 
along with birds-eye extinction; Fragments are mostly angular to subangular 
 
Core Sand Sample 10-2 (Sample Depth:  3.06-3.11 meters) 
Sample consists of fine grained sand that is very well sorted  
Primary Grains: 
Rhyolite rock fragments: 
-  Light to dark brown in PPL, a few rock fragments have quartz, untwinned feldspar, 
and/or plagioclase phenocrysts visible in PPL; 1
st
 order gray interference colors in XPL, 
rock fragments exhibit differential extinction angles for different minerals present within 
individual fragments (quartz, plagioclase and untwinned feldspars); Grains are mostly 
subrounded, with some subangular and a few angular and rounded grains also present 
Quartz/Untwinned feldspars: 
-  Colorless to light brown with low relief in PPL; 1
st
 order gray and yellow interference 
colors XPL, these grain types exhibit parallel, inclined, and undulatory extinction and are 
primarily monocrystalline, with a few polycrystalline and microcrystalline grains also 
present; Grains are mostly subangular to subrounded, with some angular grains as well 
Welded Ash Flow Tuff rock fragments: 
-  Medium to dark brown in PPL, most of the grains have flow structures that are visible in 
PPL, a few grains have quartz phenocrysts; Grains are mostly isotropic in XPL, however 
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some grains exhibit a very low 1
st
 order gray interference color; Grains are mostly 
subrounded to subangular with a few rounded grains as well 
Plagioclase feldspars: 
-  Colorless with low relief in PPL; 1
st
 order gray interference colors with twinning in XPL, 
twinning is mostly simple and polysynthetic; Grains are mostly subangular to subrounded, 
with some grains exhibiting the typical plagioclase lath habit 
Volcanic glass: 
-  Black to dark brown in PPL; Isotropic in XPL; Grains are mostly angular to subangular 
with some being subrounded as well 
Biotite: 
-  Brown to orange yellow in PPL with most grains displaying pleochroism, some grains 
are more pleochroic than others; Up to low 2
nd
 order interference colors in XPL with some 
grains exhibiting birds-eye extinction; Grains are mostly rounded to subrounded, and are 
usually rather small 
Basalt/Andesite rock fragments: 
-  Black to dark brown with subhedral to euhedral plagioclase laths visible in PPL, some 
rock fragments also have clinopyroxene/olivine and/or iron oxide mineral grains visible in 
PPL; Groundmass is isotropic in XPL, plagioclase laths present within the fragments are 
mostly simple twinned, clinopyroxene/olivine is easily visible in XPL when present; Grains 
are mostly subrounded and subangular, with some being rounded as well 
Accessory Grains: 
Chlorite: 
-  Light to olive green in PPL with most grains exhibiting slight pleochroism; Upper 1
st
 
order interference colors in XPL with some grains exhibiting subtle birds-eye extinction; 
Occurs as an alteration mineral on some grains, however most of the chlorite is retrograde 
from biotite; Grains are mostly subrounded to rounded 
Shell fragments: 
-  Colorless to medium brown in PPL; 4
th
 order interference colors are exhibited in XPL 
along with birds-eye extinction; Fragments are mostly angular to subangular, with a few 
grains being subrounded; There are a few large shell fragments in this sample 
Clinopyroxene/Olivine: 
-  Colorless with high relief in PPL; High 1
st
 order to mid 2
nd
 order interference colors are 
exhibited in XPL; Occurs as small inclusions in some basalt/andesite rock fragments; 
Grains are usually small and exhibit a stubby habit, with most grains being subangular to 
subrounded 
Organic material: 
-  Black to dark brown in PPL; Isotropic in XPL; Organic material is usually subangular to 
angular, sometimes exhibiting a bladed habit 
Iron oxides: 
-  Dark red in PPL; In XPL, interference colors are masked by the minerals dark red color; 
Occurs as small inclusions within basalt/andesite rock fragments; Grains are mostly 






Core Sand Sample 10-3 (Sample Depth:  3.46-3.51 meters) 
Sample consists of medium to fine grained sand that is moderate to well sorted 
Primary Grains: 
Rhyolite rock fragments: 
-  Light to dark brown in PPL, a few rock fragments have quartz, untwinned feldspar, 
and/or plagioclase phenocrysts visible in PPL; 1
st
 order gray interference colors in XPL, 
rock fragments exhibit differential extinction angles for different minerals present within 
individual fragments (quartz, plagioclase and untwinned feldspars); Grains are mostly 
subrounded, with some subangular and rounded grains also present 
Quartz/Untwinned feldspars: 
-  Colorless to light brown with low relief in PPL; 1
st
 order gray and yellow interference 
colors XPL, these grain types exhibit parallel, inclined, and undulatory extinction and are 
primarily monocrystalline, with a few polycrystalline and microcrystalline grains also 
present; Grains are mostly subrounded to subangular, with some angular and rounded 
grains present as well 
Welded Ash Flow Tuff rock fragments: 
-  Medium to dark brown in PPL, most of the grains have flow structures that are visible in 
PPL; Grains are mostly isotropic in XPL, however some grains exhibit a very low 1
st
 order 
gray interference color; Grains are mostly subrounded to subangular 
Plagioclase feldspars: 
-  Colorless with low relief in PPL; 1
st
 order gray interference colors with twinning in XPL, 
twinning is mostly simple and polysynthetic; Grains are mostly subangular, with some 
grains exhibiting the typical plagioclase lath habit 
Biotite: 
-  Brown to orange yellow in PPL with most grains displaying pleochroism, some grains 
are more pleochroic than others; Up to low 2
nd
 order interference colors in XPL with some 
grains exhibiting birds-eye extinction; Grains are mostly rounded 
Shell fragments: 
-  Colorless to medium brown in PPL; 4
th
 order interference colors are exhibited in XPL 
along with birds-eye extinction; Fragments are mostly angular to subangular, with a few 
large fragments being present in this sample 
Volcanic glass: 
-  Black to dark brown in PPL; Isotropic in XPL; Grains are mostly angular to subangular 
and are relatively small throughout the sample 
Accessory Grains: 
Basalt/Andesite rock fragments: 
-  Black to dark brown with subhedral to euhedral plagioclase laths visible in PPL, some 
rock fragments also have clinopyroxene/olivine and/or iron oxide mineral grains visible in 
PPL; Groundmass is isotropic in XPL, plagioclase laths present within the fragments are 
mostly simple twinned, clinopyroxene/olivine is easily visible in XPL when present; Grains 
are mostly subangular 
Chlorite: 
-  Light to olive green in PPL with most grains exhibiting slight pleochroism; Upper 1
st
 
order interference colors in XPL with some grains exhibiting subtle birds-eye extinction; 
Occurs as an alteration mineral on some grains, however most of the chlorite is retrograde 
from biotite; Grains are mostly rounded to subrounded 
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Clinopyroxene/Olivine: 
-  Colorless with high relief in PPL; High 1
st
 order to mid 2
nd
 order interference colors are 
exhibited in XPL; Occurs as small inclusions in some basalt/andesite rock fragments; 
Grains are usually small and exhibit a stubby habit, with most grains being subangular to 
angular 
Organic material: 
-  Black to dark brown in PPL; Isotropic in XPL; Organic material is usually subangular to 
angular, sometimes exhibiting a bladed habit 
Iron oxides: 
-  Dark red in PPL; In XPL, interference colors are masked by the minerals dark red color; 
Occurs as small inclusions within basalt/andesite rock fragments; Grains are mostly 
subrounded to rounded, with most grains being relatively small 
 
Core Sand Sample 3-1 (Sample Depth:  1.35-1.40 meters) 
Sample consists of fine to very fine grained sand that is well sorted 
Primary Grains: 
Rhyolite rock fragments: 
-  Light to dark brown in PPL, a few rock fragments have quartz, untwinned feldspar, 
and/or plagioclase phenocrysts visible in PPL; 1
st
 order gray interference colors in XPL, 
rock fragments exhibit differential extinction angles for different minerals present within 
individual fragments (quartz, plagioclase and untwinned feldspars); Grains are mostly 
subrounded, with some subangular and rounded grains also present 
Quartz/Untwinned feldspars: 
-  Colorless to light brown with low relief in PPL; 1
st
 order gray and yellow interference 
colors XPL, these grain types exhibit parallel, inclined, and undulatory extinction and are 
primarily monocrystalline, with some polycrystalline and few microcrystalline grains also 
present; Grains are mostly subangular to subrounded 
Welded Ash Flow Tuff rock fragments: 
-  Medium to dark brown in PPL, most of the grains have flow structures that are visible in 
PPL; Grains are mostly isotropic in XPL, however some grains exhibit a very low 1
st
 order 
gray interference color; Grains are mostly subangular, with a few subrounded grains as 
well 
Biotite: 
-  Brown to orange yellow in PPL with most grains displaying pleochroism, some grains 
are more pleochroic than others; Up to low 2
nd
 order interference colors in XPL with some 
grains exhibiting birds-eye extinction; Grains are mostly subrounded to rounded, with some 
being subangular as well 
Volcanic glass: 
-  Black to dark brown in PPL; Isotropic in XPL; Grains are mostly subangular to 
subrounded 
Chlorite: 
-  Light to olive green in PPL with most grains exhibiting slight pleochroism; Upper 1
st
 
order interference colors in XPL with some grains exhibiting subtle birds-eye extinction; 
Occurs as an alteration mineral on some grains, however most of the chlorite is retrograde 





-  Colorless with low relief in PPL; 1
st
 order gray interference colors with twinning in XPL, 
twinning is mostly polysynthetic and simple; Grains are mostly subangular to subrounded, 
with some grains exhibiting the typical plagioclase lath habit 
Basalt/Andesite rock fragments: 
-  Black to dark brown with subhedral to euhedral plagioclase laths visible in PPL, some 
rock fragments also have clinopyroxene/olivine and/or iron oxide mineral grains visible in 
PPL; Groundmass is isotropic in XPL, plagioclase laths present within the fragments are 
mostly simple twinned, clinopyroxene/olivine is easily visible in XPL when present; Grains 
are mostly subangular, with a few being subrounded 
Shell fragments: 
-  Colorless to light brown in PPL; 4
th
 order interference colors are exhibited in XPL along 
with birds-eye extinction; Fragments are mostly angular, with a few being rounded 
Organic material: 
-  Black to dark brown in PPL; Isotropic in XPL; Organic material is usually subangular, 
sometimes exhibiting a bladed habit 
Clinopyroxene/Olivine: 
-  Colorless to light gray with high relief in PPL; High 1
st
 order to mid 2
nd
 order 
interference colors are exhibited in XPL; Occurs as small inclusions in some 
basalt/andesite rock fragments; Grains are usually small and exhibit a stubby habit, with 
most grains being subangular and some being subrounded 
 
 Core Sand Sample 3-2 (Sample Depth:  1.99-2.04 meters) 
Sample consists of fine to very fine grained sand that is well sorted 
Primary Grains: 
Rhyolite rock fragments: 
-  Light to dark brown in PPL, some rock fragments have quartz, untwinned feldspar, 
and/or plagioclase phenocrysts visible in PPL; 1
st
 order gray interference colors in XPL, 
rock fragments exhibit differential extinction angles for different minerals present within 
individual fragments (quartz, plagioclase and untwinned feldspars); plagioclase present 
within the fragments can either exhibit polysynthetic or simple twinning; Grains are mostly 
subrounded, with some subangular and rounded grains also present 
Quartz/Untwinned feldspars: 
-  Colorless to light brown with low relief in PPL; 1
st
 order gray and yellow interference 
colors XPL, these grain types exhibit parallel, inclined, and undulatory extinction and are 
primarily monocrystalline, with some polycrystalline and few microcrystalline grains also 
present; Grains are mostly subangular to subrounded, with some angular and rounded 
grains as well 
Welded Ash Flow Tuff rock fragments: 
-  Medium to dark brown in PPL, most of the grains have flow structures that are visible in 
PPL; Grains are mostly isotropic in XPL, however some grains exhibit a very low 1
st
 order 
gray interference color; Grains are mostly subrounded, with a few subangular and angular 





-  Colorless with low relief in PPL; 1
st
 order gray interference colors with twinning in XPL, 
twinning is mostly simple and polysynthetic, with a few grains exhibiting combo twins; 
Grains are mostly subangular and subrounded, with some grains exhibiting the typical  
plagioclase lath habit 
Biotite: 
-  Brown to orange yellow in PPL with most grains displaying pleochroism, some grains 
are more pleochroic than others; Up to low 2
nd
 order interference colors in XPL with some 
grains exhibiting birds-eye extinction; Grains are mostly rounded, with some being 
subrounded and subangular 
Volcanic glass:  
-  Black to dark brown in PPL; Isotropic in XPL; Grains are mostly subangular, with some 
grains being angular and subrounded 
Accessory Grains: 
Chlorite: 
-  Light to olive green in PPL with most grains exhibiting moderate pleochroism; Upper 1
st
 
order interference colors in XPL with some grains exhibiting subtle birds-eye extinction; 
Occurs as an alteration mineral on some grains, however most of the chlorite is retrograde 
from biotite; Grains are mostly rounded to subrounded, with some subangular grains as 
well 
Basalt/Andesite rock fragments: 
-  Black to dark brown with subhedral to euhedral plagioclase laths visible in PPL, some 
rock fragments also have clinopyroxene/olivine and/or iron oxide mineral grains visible in 
PPL; Groundmass is isotropic in XPL, plagioclase laths present within the fragments are 
mostly simple twinned, clinopyroxene/olivine is easily visible in XPL when present; Grains 
are mostly subangular to subrounded 
Shell fragments: 
-  Colorless to light brown in PPL; 4
th
 order interference colors are exhibited in XPL along 
with birds-eye extinction; Fragments are mostly angular, with a few being subangular and 
subrounded; Fragments are mostly small to medium size 
Organic material: 
-  Black to dark brown in PPL; Isotropic in XPL; Organic material is usually subangular, 
many times exhibiting a bladed habit 
Clinopyroxene/Olivine: 
-  Colorless with high relief in PPL; High 1
st
 order to mid 2
nd
 order interference colors are 
exhibited in XPL; Occurs as small inclusions in some basalt/andesite rock fragments; 
Grains are usually small and exhibit a stubby habit, with most grains being subangular  
Iron oxides: 
-  Dark red in PPL; In XPL, interference colors are masked by the minerals dark red color; 
Occurs as small inclusions within basalt/andesite rock fragments; Grains are mostly angular 







Core Sand Sample 3-3 (Sample Depth:  2.69-2.74 meters) 
Sample consists of fine to very fine grained sand that is moderate to well sorted 
Primary Grains: 
Rhyolite rock fragments: 
-  Light to dark brown in PPL, some rock fragments have quartz, untwinned feldspar, 
and/or plagioclase phenocrysts visible in PPL; 1
st
 order gray interference colors in XPL, 
rock fragments exhibit differential extinction angles for different minerals present within 
individual fragments (quartz, plagioclase and untwinned feldspars); plagioclase present 
within the fragments can either exhibit simple or polysynthetic twinning; Grains are mostly 
subrounded and subangular, with some rounded and angular grains also present 
Quartz/Untwinned feldspars: 
-  Colorless to light brown with low relief in PPL; 1
st
 order gray and yellow interference 
colors XPL, these grain types exhibit parallel, inclined, and undulatory extinction and are 
primarily monocrystalline, with some polycrystalline and few microcrystalline grains also 
present; Grains are mostly subrounded, with some rounded, subangular, and angular grains 
as well 
Welded Ash Flow Tuff rock fragments: 
-  Medium to dark brown in PPL, most of the grains have flow structures that are visible in 
PPL; Grains are mostly isotropic in XPL, however some grains exhibit a very low 1
st
 order 
gray interference color; Grains are mostly subrounded, with a few rounded and subangular 
grains as well 
Plagioclase feldspars: 
-  Colorless with low relief in PPL; 1
st
 order gray interference colors with twinning in XPL, 
twinning is mostly polysynthetic and simple; Grains are mostly subangular to subrounded 
with some grains exhibiting the typical  plagioclase lath habit 
Biotite: 
-  Brown to orange yellow in PPL with most grains displaying pleochroism, some grains 
are more pleochroic than others; Up to low 2
nd
 order interference colors in XPL with some 
grains exhibiting birds-eye extinction; Grains are mostly rounded to subrounded 
Accessory Grains: 
Volcanic glass: 
-  Black to dark brown in PPL; Isotropic in XPL; Grains are mostly subangular to 
subrounded 
Shell fragments: 
-  Colorless to light brown in PPL; 4
th
 order interference colors are exhibited in XPL along 
with birds-eye extinction; Fragments are mostly angular, with a few being subangular; 
There is also one really large fragment in this sample 
Chlorite: 
-  Light to olive green in PPL with most grains exhibiting moderate pleochroism; Upper 1
st
 
order interference colors in XPL with some grains exhibiting subtle birds-eye extinction; 
Occurs as an alteration mineral on some grains, however most of the chlorite is retrograde 
from biotite; Grains are mostly rounded to subrounded 
Basalt/Andesite rock fragments: 
-  Black to dark brown with subhedral to euhedral plagioclase laths visible in PPL; 
Groundmass is isotropic in XPL, plagioclase laths present within the fragments are mostly 




-  Colorless with high relief in PPL; High 1
st
 order to mid 2
nd
 order interference colors are 
exhibited in XPL; Grains are usually small and exhibit a stubby habit, with most grains 
being subangular 
Organic material: 
-  Black to dark brown in PPL; Isotropic in XPL; Organic material is usually subrounded, 
sometimes exhibiting a bladed habit 
 
 Core Sand Sample 15-1 (Sample Depth:  1.30-1.35 meters) 
Sample consists of fine to very fine grained sand that is well sorted 
 Primary Grains: 
Rhyolite rock fragments: 
-  Light to dark brown in PPL, some rock fragments have quartz, untwinned feldspar, 
and/or plagioclase phenocrysts visible in PPL; 1
st
 order gray interference colors in XPL, 
rock fragments exhibit differential extinction angles for different minerals present within 
individual fragments (quartz, plagioclase and untwinned feldspars); plagioclase present 
within the fragments can either exhibit simple or polysynthetic twinning; Grains are mostly 
subrounded, with some being subangular and rounded and a few being angular 
Quartz/Untwinned feldspars: 
-  Colorless to light brown with low relief in PPL; 1
st
 order gray and yellow interference 
colors XPL, these grain types exhibit parallel, inclined, and undulatory extinction and are 
primarily monocrystalline, with some polycrystalline and few microcrystalline grains also 
present; Grains are mostly subangular and subrounded, with some rounded and angular 
grains as well 
Welded Ash Flow Tuff rock fragments: 
-  Medium to dark brown in PPL, most of the grains have flow structures that are easily 
visible in PPL; Grains are mostly isotropic in XPL, however some grains exhibit a very low 
1
st
 order gray interference color; Grains are mostly subangular to subrounded, with a few 
angular grains as well 
Shell fragments: 
-  Colorless to brown in PPL; 4
th
 order interference colors are exhibited in XPL along with 
birds-eye extinction; Some shell fragments in this sample are very large, with most 
fragments being angular, with a few being subangular and subrounded 
Biotite: 
-  Light/dark brown to orange yellow in PPL with most grains displaying pleochroism, 
some grains are more pleochroic than others; Up to mid 2
nd
 order interference colors in 
XPL with most grains exhibiting birds-eye extinction; Grains are mostly rounded, some 
grains are subrounded and subangular 
Volcanic glass: 
-  Black to dark brown in PPL; Isotropic in XPL; Grains are mostly subangular to 
subrounded 
Plagioclase feldspars: 
-  Colorless with low relief in PPL; 1
st
 order gray interference colors with twinning in XPL, 
twinning is mostly simple and polysynthetic, with a few grains exhibiting combo twins; 
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Grains are mostly subangular to subrounded with some grains exhibiting the typical  
plagioclase lath habit 
Accessory Grains: 
Chlorite: 
-  Light to olive green in PPL with most grains exhibiting moderate pleochroism; Upper 1
st
 
order interference colors in XPL with some grains exhibiting subtle birds-eye extinction; 
Occurs as an alteration mineral on some grains, however most of the chlorite is retrograde 
from biotite; Grains are mostly rounded to subrounded 
Basalt/Andesite rock fragments: 
-  Black to dark brown with subhedral to euhedral plagioclase laths visible in PPL, some 
rock fragments also have clinopyroxene/olivine and/or iron oxide mineral grains visible in 
PPL; Groundmass is isotropic in XPL, plagioclase laths present within the fragments are 
mostly simple twinned, clinopyroxene/olivine is easily visible in XPL when present; Grains 
are mostly subangular to subrounded 
Clinopyroxene/Olivine: 
-  Colorless with high relief in PPL; High 1
st
 order to mid 2
nd
 order interference colors are 
exhibited in XPL; Occurs as small inclusions in some basalt/andesite rock fragments; 
Grains are usually small and exhibit a stubby habit, with most grains being subangular to 
subrounded 
Organic material: 
-  Black to dark brown in PPL; Isotropic in XPL; Organic material is usually subangular, 
sometimes exhibiting a bladed habit 
Iron Oxides: 
-  Dark red in PPL; In XPL, interference colors are masked by the minerals dark red color; 
Occurs as small inclusions in some mineral and rock fragment grains, mostly within 
basalt/andesite rock fragments; Grains are mostly subrounded and relatively small 
 
Core Sand Sample 15-2 (Sample Depth:  1.92-1.97 meters) 
Sample consists of fine to very fine grained sand that is well sorted 
 Primary Grains: 
Quartz/Untwinned feldspars: 
-  Colorless to light brown with low relief in PPL; 1
st
 order gray and yellow interference 
colors XPL, these grain types exhibit parallel, inclined, and undulatory extinction and are 
primarily monocrystalline, with some polycrystalline and few microcrystalline grains also 
present; Grains are mostly subangular to subrounded, with some angular and rounded 
grains as well 
Rhyolite rock fragments: 
-  Light to dark brown in PPL, some rock fragments have quartz, untwinned feldspar, 
and/or plagioclase phenocrysts visible in PPL; 1
st
 order gray interference colors in XPL, 
rock fragments exhibit differential extinction angles for different minerals present within 
individual fragments (quartz, plagioclase and untwinned feldspars), plagioclase present 
within the fragments can either exhibit simple or polysynthetic twinning; Grains are mostly 
subrounded, with some being subangular and some being  rounded 
Plagioclase feldspar: 
-  Colorless with low relief in PPL; 1
st
 order gray interference colors with twinning in XPL, 
twinning is mostly polysynthetic and simple, with a few grains exhibiting combo twins; 
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Grains are mostly subangular to subrounded with some grains exhibiting the typical 
plagioclase lath habit, a lot of these grains are small as well 
Welded Ash Flow Tuff rock fragments: 
-  Medium to dark brown in PPL, most of the grains have flow structures that are easily 
visible in PPL; Grains are mostly isotropic in XPL, however some grains exhibit a very low 
1
st
 order gray interference color; Grains are subrounded to subangular and tend to be 
medium to small sized in this sample 
Volcanic Glass: 
-  Black to dark brown in PPL; Isotropic in XPL; Grains are mostly subangular to 
subrounded, with some grains being angular 
Biotite: 
-  Light/dark brown to orange yellow in PPL with most grains displaying pleochroism, 
some grains are more pleochroic than others; Up to mid 2
nd
 order interference colors in 
XPL with most grains exhibiting birds-eye extinction; Grains are mostly rounded to 
subrounded 
Chlorite: 
-  Light to olive green in PPL with most grains exhibiting moderate pleochroism; Upper 1
st
 
order interference colors in XPL with some grains exhibiting subtle birds-eye extinction; 
Occurs as an alteration mineral on some grains, however most of the chlorite is retrograde 
from biotite; Grains are mostly rounded to subrounded 
Accessory Grains: 
Basalt/Andesite rock fragments: 
-  Black to dark brown with subhedral to euhedral plagioclase laths visible in PPL, some 
rock fragments also have clinopyroxene/olivine and/or iron oxide mineral grains visible in 
PPL; Groundmass is isotropic in XPL, plagioclase laths present within the fragments are 
mostly simple twinned, clinopyroxene/olivine is easily visible in XPL when present; Grains 
are mostly subangular to subrounded 
Shell fragments: 
-  Colorless to brown in PPL; 4
th
 order interference colors are exhibited in XPL along with 
birds-eye extinction; Fragments are relatively small in this sample, with most fragments 
being angular to subangular, a few being subrounded 
Clinopyroxene/Olivine: 
-  Colorless with high relief in PPL; High 1
st
 order to mid 2
nd
 order interference colors are 
exhibited in XPL; Occurs as small inclusions in some basalt/andesite rock fragments; 
Grains are usually small and exhibit a stubby habit, with most grains being subrounded 
Organic material: 
-  Black to dark brown in PPL; Isotropic in XPL; Organic material is usually angular to 
subangular, sometimes exhibiting a bladed habit 
Iron Oxides: 
-  Dark red in PPL; In XPL, interference colors are masked by the minerals dark red color; 
Occurs as small inclusions in some mineral and rock fragment grains, mostly within 






Core Sand Sample 15-3 (Sample Depth:  2.75-2.80 meters) 
Sample consists of fine to very fine grained sand that is well sorted 
Primary Grains: 
Rhyolite rock fragments: 
 -  Light to dark brown in PPL, some rock fragments have quartz, untwinned feldspar, 
and/or plagioclase phenocrysts visible in PPL; 1
st
 order gray interference colors in XPL, 
rock fragments exhibit differential extinction angles for different minerals present within 
individual fragments (quartz, plagioclase and untwinned feldspars), plagioclase present 
within the fragments can either exhibit simple or polysynthetic twinning; Grains are mostly 
subrounded to subangular 
Quartz/Untwinned feldspars: 
-  Colorless to light brown with low relief in PPL; 1
st
 order gray and yellow interference 
colors XPL, these grain types exhibit parallel, inclined, and undulatory extinction and are 
primarily monocrystalline, with some polycrystalline and microcrystalline grains also 
present; Grains are mostly subrounded to subangular 
Plagioclase feldspar: 
-  Colorless with low relief in PPL; 1
st
 order gray interference colors with twinning in XPL, 
twinning is mostly polysynthetic and simple, with a few grains exhibiting combo twins; 
Grains are mostly subangular to subrounded with some grains exhibiting the typical 
plagioclase lath habit 
Biotite: 
-  Light/dark brown to orange yellow in PPL with most grains displaying pleochroism, 
some grains are more pleochroic than others; Up to mid 2
nd
 order interference colors in 
XPL with most grains exhibiting birds-eye extinction; Grains are mostly rounded to 
subrounded with a few grains being bladed 
Volcanic Glass: 
-  Black to dark brown in PPL; Isotropic in XPL; Grains are mostly angular to subangular, 
with some being subrounded 
Chlorite: 
-  Light to olive green in PPL with most grains exhibiting moderate pleochroism; Upper 1
st
 
order interference colors in XPL with some grains exhibiting subtle birds-eye extinction; 
Occurs as an alteration mineral on some grains, however most of the chlorite is retrograde 
from biotite; Grains are mostly rounded to subrounded 
Accessory Grains: 
Welded Ash Flow Tuff rock fragments: 
-  Medium to dark brown in PPL, most of the grains have flow structures that are easily 
visible in PPL; Grains are mostly isotropic in XPL, however some grains exhibit a very low 
1
st
 order gray interference color; Grains are subangular to subrounded 
Basalt/Andesite rock fragments: 
 -  Black to dark brown with subhedral to euhedral plagioclase laths visible in PPL, some 
rock fragments also have clinopyroxene/olivine and/or iron oxide mineral grains visible in 
PPL; Groundmass is isotropic in XPL, plagioclase laths present within the fragments are 
mostly simple twinned, however some are polysynthetic twinned, clinopyroxene/olivine is 





-  Colorless to brown in PPL; 4
th
 order interference colors are exhibited in XPL along with 
birds-eye extinction; Fragments are mostly angular to subangular, with a few being 
subrounded 
Clinopyroxene/Olivine: 
-  Colorless with high relief in PPL; High 1
st
 order to mid 2
nd
 order interference colors are 
exhibited in XPL; Occurs as small inclusions in some basalt/andesite rock fragments; 
Grains are usually small and exhibit a stubby habit, with most grains being subangular to 
subrounded 
Organic material: 
-  Black to dark brown in PPL; Isotropic in XPL; Organic material is usually angular to 
subangular, sometimes exhibiting a bladed habit 
Iron Oxides: 
-  Dark red in PPL; In XPL, interference colors are masked by the minerals dark red color; 
Occurs as small inclusions in some mineral and rock fragment grains, mostly within 




APPENDIX D:  BEACH RIDGE CORE DESCRIPTIONS 
 









Mud at the very top of the section, which grade into silt 
 







Very fine grained sand with a good amount of silt, mostly at the top 
Subtle parallel laminations 
 
 
Organic Material       Color of the sand and 
        mud is mostly Brown 
        Color of the sand is 
              Gray/ Black 






Fine grained sand with a small amount of organic material 







Medium grained sand with some organic material and shell fragments 
 
Concentration of shell fragments 
 
          Increase in dark, heavy 
          mineral grains and rock 
          fragments as shown by 
          the color of the sand 
 










Fine grained sand with no laminations visible, color of sand is mostly gray 
 
Core Sand Sample 1-1:  1.68-1.73 meters 
 










Grain size changes to very fine grained sand in this section, 
sand starting to become browner, showing slight increase 




Core Sand Sample 1-2:  2.13-2.18 meters 
 
 













Grain size changes back to fine grained sand.  There 
is an increase in shell fragments and organic material 
as you go down in this section 
 




Concentration of black organic material 
 
 
Good amount of organic material in this part with an 








Decent amount of organic material and shell fragments 
 











Mostly fine grained sand, however grain size decreases 









Subtle parallel laminations 
 






Layering of black organic material with medium to fine 
grained sand and some shell fragments 
 
 
Very fine grained sand with high silt/clay content, 





High concentration of black organic material with some shell fragments 
 
Mud with some organic material 
 
 
High concentration of black/dark brown organic material 
 
Fine to very fine grained sand with a high silt/clay matrix content,  
there are some vague parallel laminations due to changes in grain size 
from fine to very fine sand and silt 
 
 
Mud with a small amount of organic material 
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Coarse grained sand 
 
 















Fine grained sand 
 

















Medium to fine grained sand 
 
Good amount of shell fragments present in this part 
 
 
Coarsening upward sequence 
 
Core Sand Sample 3-1:  1.35-1.40 meters 
 
Small amount of shell fragments 
 
Fine to very fine grained sand  
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Medium to coarse grained nodules, some shell fragments 
 
 
Fine to very fine grained sand 
 
Good amount of shell fragments in the middle with small amounts 
of organic material throughout  
 
















Increase in shell fragment and organic material content 
 
 
Medium grained sand with good amount of shell fragments  





Fine grained sand with shell fragments and organic  
material present throughout 
 
Concentration of shell fragments 
 
 






Mostly fine grained sand 
 




Medium grained sand with shell fragments and organic material 
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Medium grained sand with lots of shell fragments and 
organic material 
 
Very fine grained sand with increased silt/clay content 
 
 
Coarsening upward from medium to fine grained sand with a 




Very fine grained sand with some organic material and  
shell fragments 
 
Medium to fine grained sand with some shell fragments 
and organic material 
Fine to very fine grained sand with an increase in silt/clay content 
 




Fine grained sand with some shell fragments and organic material 
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Fine to very fine grained sand with an increased silt/clay matrix content 




Coarse to very coarse nodules of dark grains that consists of 

















Fine to medium grained sand, with an increased silk/clay  













Medium to fine grained sand with some coarse sand at the top  
of the section, there is also very little silt/clay in the matrix, there 
are no visible sedimentary structures 
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Subtle volcanic rock fragment laminae 
 
 
Medium to fine grained sand with some silt/clay 
in the matrix, which increase at the bottom of this 
section.  Sand is brown in color 
 
Layer of coarse to medium grained sand 
 
1.5-2.0 cm of volcanic fragment laminae with medium to  
fine grained sand, laminae consists of dark grains that are 
medium to fine grained 
 
Core Sand Sample 5-1:  1.965-2.015 meters 
 










Gray mud (silt/clay) 
 
 
Rust colored nodules present in this part, some of which  
are broken and contain what looks to be organic material  






Rust colored nodules present here, some of which are broken and 
contain what looks to be organic material in the middle 
 
 
Fine to very fine grained sand with a high silt/clay content in  
the matrix and no visible laminations 
 
 
15cm of orangish brown medium to fine grained sand in a clay matrix 
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Medium to fine grained sand in a decent silt/clay 
matrix, there are also grayish clasts of clay spread 
sporadically throughout this section 
 
Sand is mostly orangish brown in color and has no 
apparent laminations  
 134 






Medium to fine grained sand with an increase in silt/clay 
content in the matrix at the top of this section.  There are no 
apparent laminations and there are some grayish concretions and  
salt crystals spread sporadically through this section 
 























Coarsening upward sequence from coarse to fine grained sand, 
there is also organic material sporadically spread throughout 
this section.  Near the top of the section, there are thin laminae  















































Coarse to medium grained sand with some woody 
with no layering apparent, there is some woody 
organic material spread throughout this section. 
Silt/clay content in the matrix increases as you go 

















Coarse to medium grained sand with concretions of fine 
grained sand coated with silt/clay spread sporadically  

























Concentration of organic material 
 
 
Medium to fine grained sand interbedded with some 











Coarse to medium grained sand interbedded with thick layers 
of medium to fine grained sand.  The sand in this section is 









Fining upward sequence from coarse to medium grained sand 

















8cm of orangish brown silt/clay with some very fine grained 
sand mixed in, section is lithified and contains no laminations 
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Dark grayish brown clay nodules that vary in size from  






Fine to very fine grained sand with a high silt/clay 








Nodule of organic material 
 
 
Mainly fine to very fine grained sand with no visible 
structures throughout, sand becomes more coarse  
grained with less silt/clay content in the matrix 
at the bottom of this section 
 









Coarse grained sand with a low silt/clay 
content in the matrix 
 
 
12cm of medium to fine grained laminations with a band of  
dark organic material and a good amount of silt/clay in the 
matrix 
 
Medium to fine grained sand 
 
Laminations of medium to fine grained sand with dark 
volcanic rock fragments and organic material 
 
 








Start to see color variation from orangish brown sand on 
top to grayish brown sand below 
 
Coarse to medium grained sand with no visible 










Fining upward sequence from coarse to medium sand 
at the bottom to fine grained sand at the top, with some 
parallel laminations present 
 
Core Sand Sample 6-1:  1.86-1.91 meters 
 
Nodule of organic material 
 
Thin laminations of fine and very fine grained sand 
Core Sand Sample 6-2:  2.04-2.09 meters 
 
 
Thin laminations of fine and very fine grained sand with 













Fine to very fine grained sand 
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Shell fragments and some organic material 
             Grayish Brown Sand 
 
Thin parallel laminations of dark very fine grained mafic 
minerals and fine grained sand 
 















Section of thin parallel laminated fine grained sand with           Sand gets darker as 
very fine grained mafic and heave minerals and some            you go up the core,  
organic material                possibly due to density 













Fine to very fine grained sand with an increased silt/clay 
content in the matrix at the bottom of this section 
 
                 Orangish Brown Sand 
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This part of the core was cut 27cm from the top 
 
Silt and clay nodules that are very coarse sand sized with some 







Silt/clay and mud dominated section with some very fine grained  












Fine grained sand with a good amount of silt/clay in the 











Subtle parallel laminations of fine and medium grained 
sand 
 
Fining upward sequence from medium grained sand at 
the bottom to fine grained sand at the top 
 
Iron oxide cements within the sand make it orange brown 





Medium grained sand with subtle parallel laminations, sand  
in this section becomes more grayish brown 
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Some iron oxide cement 
 
 
Medium grained sand with a decent amount of 

























Mostly medium grained sand with some subtle parallel 
laminations spread throughout this section.  The laminations 
















Core Sand Sample 7-2:  3.03-3.08 meters 
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Color change from mostly orange brown sand to gray brown sand 
 
 
Core Sand Sample 7-3:  3.52-3.57 meters 
 
Mostly medium grained sand with a very fine grained sand 
matrix containing  some silt/clay as well.  This section has  













Mostly fine grained sand with parallel laminations due to 
alternations between fine and medium grained sand 
 
Coarse grained layer with parallel laminations composed of 
fine grained mafic and heavy minerals (dark black and green) 










Coarsening upward sequence from medium grained sand at  
the bottom to fine grained sand at the top.  There is organic 












































Mostly medium grained sand with some fine grained sand 
and a low silt/clay content in the matrix.  There are no sedimentary 









Concentration of shell fragments and some woody organic material 
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Broken up layer of grayish mud (silt/clay) with a good amount  
of halite crystals present 
 
Grayish mud (silt/clay) with halite crystals present throughout, 




Tannish mud (silt/clay) layer with dark concretions, some of which are  
surrounded by a burnt orange color, possibly iron oxide cement, 












Mud (silt/clay) that is dark brown at the top and transitions to 
lighter brown as you go down.  The mud has hardened in this 















Thin parallel laminations formed by alteration of silty clay 
and clayey silt sized grains within this mud unit, which has 
hardened 
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Thin parallel laminations of silty clay layers interbedded 
with clayey silt layers.  Beds are not very thick, maybe  









Grayish brown mud (silt/clay) with organic material present 








Parallel laminations of interbedded black organic material 









Blackish gray mud with organic material present throughout 
the section and some shell fragments sporadically spread 
throughout the section 
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Brown mud (silt/clay) with some subtle parallel laminations 
 
 





Grayish brown mud with abundant organic material, 
no visible sedimentary structures 
 








Grayish brown mud with some organic material, not as 









Mostly gray mud with some very fine grained sand in 
the matrix, subtle parallel laminations at the bottom 












Mud (silt/clay) interbedded with some medium to fine grained 
sand, subtle parallel laminations 
 
Medium to fine sand with a high silt/clay matrix content, 
no sedimentary structures are visible in this sand section 
 








Medium to fine grained sand with woody organic material  
sporadically throughout the section and a few shell fragments 
 as well, the sand is grayish brown and there are no sedimentary  
structures 
 







A mix of medium to fine grained grayish brown sand with 
fine grained greenish gray sand and some organic material, 











Concentration of woody organic material 
 
Medium to fine grained sand with woody organic material  
sporadically throughout the section, the sand is grayish brown 
 and there are no visible sedimentary structures 
 


















































Mud (silt/clay) interbedded with medium to fine sand and  
large halite accumulations (white nodules), the light brown  
layers are sandy layers which are interbedded with gray 
mud to form parallel and wavy laminations, wavy laminations  


















Dark grayish brown mud (silt/clay) with a few broken 












Fining upward sequence consisting of fine sand at the bottom and 
mostly silt/clay at the top with some very fine sand in the matrix, 
the color of sediment in this section is brown than above, there are 












Parallel laminations of fine grained sand interbedded with some 
medium grained sand 
 
Mostly fine to very fine grained sand that is orangish brown 









Medium to fine grained sand that is the same color as above,  
there are some thin parallel laminations consisting of very fine 
grained mafic and heavy minerals interbedded with medium to  
fine grained sand 
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Core Sand Sample 10-1:  1.63-1.68 meters 
 
 
Medium to fine grained sand that is orange brown in color, 











Good amount of volcanic glass in this part 
 
 
Thin parallel laminations consisting of medium grained 








Medium to fine grained sand with some organic material 












Coarse to medium grains sand 
 151 




















Coarse to medium grained sand with an abundant amount 
of shell fragments that vary in size, there are no visible 
sedimentary structures 
 





Core Sand Sample 10-3:  3.46-3.51 meters 
 











Medium to fine grained sand with shell fragments and some 
organic material spread throughout the section, there are some 
parallel laminations consisting of medium grained sand interbedded 





















Coarse to medium grained sand with abundant large shells 
















Medium to fine grained sand with abundant shell fragments 
and organic material throughout the section 
 
Concentration of organic material 
 
Medium sized shell 
 
 




Layer of sandy mud (silt/clay) mixed with medium to fine 








Medium to fine grained sand with abundant shell fragments 
















Large gravel sized mud nodules 
 
 
Coarsening upward sequence of silty clay mud nodules 
that are coarse sand sized at the bottom to large gravel size 






Coarse sand sized mud nodules 
 
Mud (silt/clay) that is grayish brown and has no 
apparent sedimentary structures, some small 











Fine to very fine grained sand that has been coated  
by clay, sand is mostly brown with some rust colored 
areas, possibly iron oxide cement, and there are no 











Medium to fine grained sand that is tannish brown at 





Medium to fine grained sand with a good amount 
of woody organic material 
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Medium to fine grained sand interbedded with very fine 
laminations of fine to very fine grained sand that is grayish 
brown, there is also a good amount of organic material  
 
 








Medium to fine grained sand interbedded with very fine 
laminations of fine to very fined grained sand that is grayish 
brown, the sand in this section is slightly darker than above 
and there is less organic material present 
 




Fine to very fine grained sand interbedded with fine black organic material 
Coarse to medium grained sand interbedded with very fine rust colored mud 
Small coarsening upward sequence from coarse to fine grained sand 
Organic rich layer with some coarse to medium grained sand 
Mud (silt/clay) interbedded with medium to fine grained sand 
Coarse to medium grained sand 
Organic rich layer with some medium to fine grained sand 
 
Mud (silt/clay) interbedded with medium to fine grained sand,  
parallel and wavy laminations are present  
 
 
Coarsening upward sequence of fine grained sand at the bottom to  
coarse grained sand at the top, there are subtle parallel laminations 
 
 
Coarsening upward sequence of fine grained sand at the bottom to 











Core Sand Sample 11-3:  2.84-2.89 meters 
 
Coarsening upward sequence of fine grained sand at the bottom to  









Coarsening upward sequence of fine grained sand at the bottom to 
coarse grained sand at the top with some organic material spread 






Medium to fine grained sand interbedded with thin organic rich 
layers 
 
Medium to fine grained sand with abundant shell fragments 
 
Medium to fine grained sand with a layer of shell fragments near 
the bottom 
Concentration of organic material with some medium to fine grained sand 





Medium to fine grained sand interbedded with layers of organic 





Medium to fine grained sand interbedded with mud (silt/clay), subtle 
parallel laminations are present 
 
 
Medium to fine grained sand with some woody organic material  
spread sporadically through the section 
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Layer of organic material 
 
Medium to fine grained sand with organic material spread throughout 





Medium to fine grained sand with no matrix interbedded with coarse 





Fine to very fine sand with a high silt/clay matrix content interbedded with  
thick layers of medium grained sand and organic material 
 






Mud (silt/clay) interbedded with thin layers of fine to very fine  










Mud (silt/clay) interbedded with medium fine grained sand, mud layers  
are thicker than sandy layers, and there are subtle and good parallel 







Fine to very fine grained sand with a high silt/clay matrix content and 
no apparent sedimentary structures 
 
 
Mud (silt/clay) with some very fine parallel laminations of fine to very fine 
grained sand 
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Dark gray mud with some woody organic material spread  
sporadically through this section, there are also mud clasts 







Very fine grained sand with a high silt/clay matrix content and 
some organic material, the color of sand in this section is more  









Fine to very fine grained sand with a good amount of silt/clay 
content in the matrix but not as much as the section above, there 
are no visible sedimentary structures 
 
 
Nodules of dark organic material coated with silt/clay 
 
 
Fine grained sand with an orange brown silt/clay matrix, there are 






Medium to fine grained sand interbedded with laminations consisting 
of dark mafic grains that are fine grained, spacing between the  
laminations get larger at the top of this section  
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Mostly medium to fine grained sand with some very fine grained sand 
near the top of the section, the sand in this section is orangish brown in  










Coarse to medium grained sand with a good amount of organic 
material present, there are subtle laminations present however they 
not well defined 
 
Core Sand Sample 12-1:  2.03-2.08 meters 
 
 
Coarse to medium grained sand interbedded with laminations consisting  





Core Sand Sample 12-2:  2.35-2.40 meters 
 
Medium to fine grained sand interbedded with thin laminations of  
coarse grained sand and there is also a little bit of organic material 






Coarse to medium grained sand that is dark gray in color and has  




Fining upward sequence of coarse grained sand at the bottom and  
fine grained sand at the top, there are also some halite accumulations 


































Coarse to medium grained sand interbedded with fine to 











Mostly medium to fine grained sand interbedded with thin 
laminations of fine grained dark rock fragments and mafics 
 
Thin layer of coarse grained sand 
 
Medium to fine grained sand with some very fine grained sand 
in the matrix and no visible sedimentary structures 
 
 
Coarse to medium grained sand interbedded with fine laminations  
of fine to very fined grain dark rock fragments and mafics 
 
Mostly coarse to medium grained sand with some fine sand in 
the matrix and no visible sedimentary structures  
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Coarse to medium grained sand with no visible sedimentary 
structures, the true color of the sand is much darker brown 
than shown on this image 
 
 
Coarse to medium grained sand interbedded with thin laminations 






Mostly fine to very fine grained sand with some medium grained 













Coarse to medium grained sand with some thin parallel 




Alternating layers of fine to very fine grained sand with coarse 
to medium grained sand, the thickness of fine and very fine grained 





Mostly coarse to medium grained sand with some fine sand  
as well and no visible sedimentary structures 
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Very fine grained sand in a silt/clay matrix with a decent 
amount of shell fragments 
 
 
Layer of hard mud (silt/clay) 
 
 












Mostly medium to fine grained sand with some coarse 














Halite accumulations and some shell fragments 
  
         Grayish brown sand 
 
 
Coarse to medium grained sand 
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Medium to fine grained sand with some organic material spread 
sporadically throughout the section, there are no visible sedimentary 


















Core Sand Sample 13-1:  2.13-2.18 meters 
 
 
Mostly medium to fine grained sand that is grayish brown color,  
there are no sedimentary structures in this section 
 







Medium to fine grained sand interbedded with one layer of 



























Medium to fine grained sand interbedded with layers of  
darker coarse to medium grained sand, the thickness and 



















Coarse to medium grained sand interbedded with layers of  
fine grained sand, thickness and spacing of the layers appears 
to decrease near the top of the section, and the sand grains get 








Concentration of shell fragments 
 
Coarse to medium grained sand 
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Medium to fine grained sand with subtle parallel laminations 
throughout and some shell fragments and organic material 
spread sporadically throughout the section 
 
Very fine grained sand interbedded with medium to fine grained 












Medium to fine grained sand with good parallel laminations, separation 
between laminations varies throughout the section, with the most defined 
laminations in the upper third of the section, there are also some shell 
fragments and organic material in this section, with very  











Coarse to medium grained sand with subtle parallel laminations, the part 
of this section where sample 15-1 was collected is a layer of very coarse 
sand with abundant shell fragments 
 
Medium sized shell 
 
Core Sand Sample 15-1:  1.30-1.35 meters 
 
Medium to fine grained sand with some coarse and very coarse sand 





















Medium to fine grained sand with abundant shell fragments, 
some organic material and a decent silt/clay matrix, shell fragments  
range in size from coarse sand to granule in size, there are no  
visible sedimentary structures and the sand changes color from 
brown to grayish brown in the lower part of this section 
 












Large shells and shell fragments in medium to fine grained sand with 





Concentrations of dark organic material 
 
Medium to fine grained sand with a good amount of shell fragments 
and organic material spread sporadically throughout the section, there  
is very little silt/clay matrix content in this section and there are no 
visible sedimentary structures 
 
Medium sized shell 
 
 




Layer of coarse grained sand with abundant shell fragments  
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Medium to fine grained sand with abundant shells, shell 
fragments (coarse sand to gravel size) and a good amount of 
organic material spread sporadically throughout the section, 
there are no visible sedimentary structures 
 











Concentration of very coarse to gravel sized shell fragments in 
medium grained sand with some organic material 
 











Medium to fine grained sand with an abundant amount of shell 
fragments and organic material spread throughout this section, 
there are no visible sedimentary structures 
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Sand Sample 5: Rio Grande de Santiago
Oxide Weight Percent: 
Pt# Sample # SiO2 TiO2 Al2O3 Cr2O3 FeO MgO CaO BaO Na2O K2O Total X(mm) Y(mm) Date Time Label
3 s5-15 62.52 0.0016 23.39 0.0381 0.1776 0 4.69 0.1138 7.89 0.6208 99.45 67.033 34.34 9/3/2009 10:58:06AM pl 
4 s5-6 53.59 0.0354 28.75 0.0061 0.5007 0.0466 10.65 0.1753 4.55 0.4056 98.71 65.886 36.995 9/3/2009 11:21:00AM pl 
5 s5-3 49.3 1.7638 2.6881 0 13.1 16.27 16.98 0.0651 0.4517 0.0567 100.69 65.942 38.176 9/3/2009 11:32:30AM pl 
6 s5-3 56.01 0.1545 26.51 0 1.0484 0.0879 8.97 0.1554 5.69 0.5598 99.18 66.007 38.001 9/3/2009 11:46:09AM pl 
7 s5-4 62.4 1.4679 13.84 0 7.67 2.7238 4.44 0.1038 2.4365 3.09 98.17 65.698 39.664 9/3/2009 12:05:42PM pl 
8 s5-4 54.6 0.1017 28.02 0.0198 0.8852 0.1771 11.05 0.0451 4.59 0.3766 99.87 65.742 39.71 9/3/2009 12:19:03PM pl 
9 s5-4 55.31 0.1407 27.13 0 1.0313 0.1922 10.5 0.0247 4.64 0.3861 99.35 65.759 39.706 9/3/2009 12:32:03PM pl 
10 s5-32 52.22 0.1101 29.97 0 0.7242 0.2008 13 0.0026 3.56 0.3653 100.14 64.302 39.974 9/3/2009 12:45:17PM pl 
11 s5-32 52.55 0.1339 29.85 0 0.7116 0.2223 12.34 0.0775 3.77 0.406 100.05 64.697 39.904 9/3/2009 01:00:11PM pl 
12 s5-11 60.95 0 24.63 0.0152 0.2326 0.0122 5.82 0.0484 6.88 0.6955 99.27 62.675 40.656 9/3/2009 01:13:53PM pl 
13 s5-5 54.53 0.0881 27.94 0.0456 0.9101 0.1546 10.84 0.0995 4.51 0.3861 99.5 57.941 50.5 9/3/2009 01:32:18PM pl 
14 s5-5 54.79 0.1025 27.99 0 0.9426 0.1691 10.98 0.0621 4.66 0.3686 100.06 57.939 50.127 9/3/2009 01:47:07PM pl 
15 s5-35 42.09 0 30.75 0 0.0887 0.0119 11.42 0.0776 1.6876 0.0025 86.13 59.521 49.327 9/3/2009 01:59:54PM pl 
16 s5-35 39.72 0.0128 30.44 0.0061 0.4869 0.2217 11.58 0.0273 0.6039 0.0609 83.16 59.614 49.306 9/3/2009 02:12:41PM pl 
17 s5-34 75.34 0 15.7 0 0.1505 0 0.0988 0 7.6 0.045 98.92 54.94 47.1 9/3/2009 02:28:55PM pl 
18 s5-34 100.53 0 0.4973 0 0.1021 0.0312 0 0 0.1215 0.0178 101.3 54.699 47.183 9/3/2009 02:41:13PM pl 
21 s5-16 67.51 0.0029 20.06 0 0.0201 0 0.6168 0.0348 5.64 0.021 93.91 55.905 35.505 9/9/2009 11:50:23AM pl 
22 s5-16 71.72 0.0139 21.23 0.0046 0.0275 0 0.5685 0.0017 10.56 0.0606 104.19 55.918 35.518 9/9/2009 12:05:15PM pl 
23 s5-20 59.7 0.0012 25.67 0.0107 0.2325 0.0157 7.44 0.0383 6.74 0.416 100.26 56.064 42.304 9/9/2009 12:21:48PM pl 
24 s5-31 51.41 0.0782 27.58 0.0106 1.0559 0.1252 11.79 0.0315 3.88 0.4915 96.45 53.335 45.241 9/9/2009 12:42:20PM pl 
25 s5-31 52.82 0.0767 29.86 0 1.1057 0.1666 13.39 0.0204 3.37 0.4862 101.3 53.392 45.174 9/9/2009 12:58:02PM pl 
26 s5-18 55 0 21.79 0.0046 0.0263 0 10.61 0 0.1486 0.9662 88.54 53.278 37.192 9/9/2009 01:13:05PM pl 
27 s5-18 53.26 0 22.73 0 0.0688 0.0221 12.13 0.0667 0 0.1279 88.41 53.219 37.006 9/9/2009 01:28:22PM pl 
28 s5-22 55.15 0.114 28 0.0259 0.8789 0.1171 10.7 0.0519 5.01 0.4444 100.49 59.562 39.984 9/9/2009 01:50:03PM pl 
29 s5-10 52.35 0.0775 30.4 0 0.8139 0.1006 13.23 0.0026 3.87 0.2427 101.09 61.845 39.389 9/9/2009 02:03:20PM pl 
30 s5-23 48.21 0.0673 33.78 0.0122 0.4843 0.0624 16.45 0 2.0662 0.0873 101.22 62.598 37.701 9/9/2009 02:16:23PM pl 
31 s5-1 67.83 0 20 0 0.0476 0.0134 0.1439 0 7.04 0.0491 95.12 75.769 46.458 9/9/2009 02:32:13PM pl 
32 s5-1 69.37 0 20.63 0.0122 0.1765 0 0.2933 0.083 10.87 0.058 101.49 75.836 46.438 9/9/2009 02:44:51PM pl 
33 s5-1 68.17 0 20.28 0.0107 0.0852 0 0.2838 0.1221 6.78 0.0461 95.78 75.594 46.545 9/9/2009 03:03:38PM pl 
34 s5-13 48.54 0.0165 33.61 0.003 1.14 0.0608 16.12 0.0384 2.1671 0.1115 101.82 62.727 43.192 9/9/2009 03:23:31PM pl 
37 s5-13 49.2 0.054 32.24 0.0228 0.8671 0.0421 15.3 0.0955 2.7215 0.1486 100.7 62.598 43.207 9/10/2009 10:58:04AM pl 






Sand Sample 3: Rio San Pedro
Oxide Weight Percent: 
Pt# Sample # SiO2 TiO2 Al2O3 Cr2O3 FeO MgO CaO BaO Na2O K2O Total X(mm) Y(mm) Date Time Label
39 s3-5 62.15 0 22.96 0.0274 0.1426 0 4.05 0.1511 6.58 0.7775 96.85 15.779 42.861 9/10/2009 11:36:17AM pl 
40 s3-5 64.09 0.0447 23.07 0.0198 0.1451 0.0256 3.85 0.1578 8.38 0.8175 100.6 15.83 42.954 9/10/2009 11:52:17AM pl 
41 s3-6 67.39 0.0008 19.41 0.0076 0.0664 0.0034 0 0 5.02 0.0987 91.99 14.501 42.552 9/10/2009 12:05:22PM pl 
42 s3-6 70.44 0.0156 20 0 0.2178 0.0238 0.0298 0.0025 10.61 0.3581 101.7 14.509 42.549 9/10/2009 12:15:43PM pl 
43 s3-8 53.16 0.0915 29.19 0 0.5757 0.0575 12.06 0.0767 4.17 0.3518 99.73 13.585 48.298 9/10/2009 01:53:33PM pl 
44 s3-10 58.49 0.0341 24.92 0.0046 0.4484 0.0518 6.78 0.3752 6.51 0.5492 98.16 14.79 36.265 9/10/2009 02:08:47PM pl 
45 s3-11 52.63 0 23.33 0.0061 0.0113 0.013 10.79 0 0.0647 0.5091 87.36 28.121 40.655 9/10/2009 02:31:58PM pl 
46 s3-11 53.76 0.0103 22.33 0 0 0.0015 9.99 0.012 0.044 1.0805 87.23 28.07 40.58 9/10/2009 02:44:13PM pl 
47 s3-15 63.5 0.0209 19.76 0 0.0501 0 0.2651 0.0559 9.37 0.0363 93.07 29.129 40.101 9/10/2009 02:57:51PM pl 
48 s3-15 68.02 0.0045 20.38 0 0.02 0.0032 0.2773 0.0229 11.1 0.037 99.86 29.13 40.101 9/10/2009 03:28:19PM pl 
49 s3-16 57.99 0.0136 24.33 0 0.1362 0 5.27 0.1172 7.78 0.7217 96.34 25.666 40.206 9/10/2009 03:44:20PM pl 
50 s3-16 59.49 0.0053 23.78 0 0.1288 0 4.82 0.0807 7.95 0.7859 97.04 25.829 40.052 9/10/2009 03:55:18PM pl 
51 s3-9 58.24 0.0086 25.86 0.0076 0.2287 0.0094 6.99 0.1428 6.82 0.5181 98.83 25.682 45.608 9/10/2009 04:08:39PM pl 
58 s3-27 72.58 0.3099 10.51 0.0135 5.02 0.1706 1.2902 0.4904 2.7643 3.46 96.62 25.604 47.197 9/11/2009 01:32:19PM pl 
59 s3-27 67.33 0.4395 13.35 0 6.29 0.1949 1.4087 0.4052 3.15 5.34 97.9 25.652 46.936 9/11/2009 01:47:55PM pl 
60 s3-26 65.46 0.0302 17.07 0.0045 2.031 0.1449 0.3352 0.4299 7.41 4.26 97.17 25.468 37.155 9/11/2009 02:00:48PM pl 
61 s3-26 65.11 0.0552 17.59 0 2.11 0.0421 0.4714 0.4602 7.37 4.56 97.78 25.327 36.661 9/11/2009 02:15:46PM pl 
62 s3-20 64.33 0.0365 22.64 0 0.2076 0 3.65 0.1069 9.01 0.9482 100.92 9.954 40.32 9/11/2009 02:27:28PM pl 
64 s3-12 68.5 0.4889 13.67 0 4.79 0.3799 2.4254 0.2096 4.33 3.28 98.07 8.937 43.919 9/14/2009 11:17:26AM pl 
65 s3-12 68.23 0.2819 13.47 0.012 4.9 0.3643 2.1546 0.3593 4.18 3.99 97.94 8.475 44.299 9/14/2009 11:29:06AM pl 
66 s3-12 96.17 0.0702 1.221 0 0.0781 0.0223 0.01 0.0273 0.5911 0.2378 98.43 8.324 44.024 9/14/2009 11:43:49AM pl 
67 s3-28 73.24 0.1644 12.42 0 1.8928 0.0106 0.8614 0.3669 3.56 4.68 97.2 7.536 45.92 9/14/2009 12:02:25PM pl 
68 s3-28 73.79 0.159 12.92 0 1.9878 0.0646 1.0369 0.3126 4.09 4.15 98.52 7.523 46.095 9/14/2009 12:11:33PM pl 
69 s3-29 73.48 0.1856 12.45 0.0212 2.267 0 0.835 0.2447 3.75 4.64 97.88 22.195 37.79 9/14/2009 12:25:02PM pl 







Plagioclase Composition Calculations from Microprobe Work:  Sand 5 - Rio Grande de Santiago
**Spreadsheet for Plagioclase Formulae Calculation on the Basis of 32 O considering Fe as Fe3+ and is treated as substitution of Ca2+.
Date Se pt-3-09 Se pt-9-09 Se pt-10-09
Sample  # s5-15 s5-6 s5-3 s5-4 s5-4 s5-32 s5-32 s5-11 s5-5 s5-5 s5-34 s5-16 s5-16 s5-20 s5-31 s5-31 s5-22 s5-10 s5-23 s5-1 s5-1 s5-13 s5-13
Oxide s Wt% Wt% Wt% Wt% Wt% Wt% Wt% Wt% Wt% Wt% Wt% Wt% Wt% Wt% Wt% Wt% Wt% Wt% Wt% Wt% Wt% Wt% Wt%
SiO2 62.52 53.59 56.01 54.60 55.31 52.22 52.55 60.95 54.35 54.79 75.34 67.51 71.72 59.70 51.41 52.82 55.15 52.35 48.21 69.37 68.17 48.54 49.20
TiO2 0.00 0.04 0.15 0.10 0.14 0.11 0.13 0.00 0.09 0.10 0.00 0.00 0.01 0.00 0.08 0.08 0.11 0.08 0.07 0.00 0.00 0.02 0.05
Al2O3 23.39 28.75 26.51 28.02 27.13 29.97 29.85 24.63 27.94 27.99 15.70 20.06 21.23 25.67 27.58 29.86 28.00 30.40 33.78 20.63 20.28 33.61 32.24
Cr2O3 0.04 0.01 0.00 0.02 0.00 0.00 0.00 0.02 0.05 0.00 0.00 0.00 0.00 0.01 0.01 0.00 0.03 0.00 0.01 0.01 0.01 0.00 0.02
Fe O* 0.18 0.50 1.05 0.89 1.03 0.72 0.72 0.23 0.91 0.94 0.15 0.02 0.03 0.23 1.06 1.11 0.88 0.81 0.48 0.18 0.09 1.14 0.87
MnO 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
MgO 0.00 0.05 0.09 0.18 0.19 0.20 0.22 0.01 0.15 0.17 0.00 0.00 0.00 0.02 0.13 0.17 0.12 0.10 0.06 0.00 0.00 0.06 0.04
CaO 4.69 10.65 8.97 11.05 10.50 13.00 12.34 5.82 10.84 10.98 0.10 0.62 0.57 7.44 11.79 13.39 10.70 13.23 16.45 0.29 0.28 16.20 15.30
Na2O 7.89 4.55 5.69 4.59 4.64 3.56 3.77 6.88 4.51 4.66 7.60 5.64 10.56 6.74 3.88 3.37 5.01 3.87 2.07 10.87 6.78 2.17 2.72
K2O 0.62 0.41 0.56 0.38 0.39 0.37 0.41 0.70 0.39 0.37 0.05 0.02 0.06 0.42 0.49 0.49 0.44 0.24 0.09 0.06 0.05 0.11 0.15
Total 99.45 98.71 99.18 99.87 99.35 100.14 100.05 99.27 99.50 100.06 98.92 93.91 104.19 100.26 96.45 101.30 100.49 101.90 101.22 101.49 95.78 101.82 100.70
Si 11.135 9.817 10.201 9.898 10.054 9.485 9.543 10.893 9.905 9.913 12.956 12.229 11.959 10.625 9.701 9.509 9.937 9.435 8.742 11.917 12.174 8.765 8.971
Al 4.910 6.207 5.690 5.986 5.813 6.416 6.389 5.188 6.001 5.969 3.182 4.283 4.172 5.384 6.134 6.336 5.946 6.458 7.219 4.177 4.268 7.153 6.928
∑Z 16.045 16.024 15.891 15.884 15.867 15.901 15.932 16.082 15.906 15.882 16.138 16.512 16.131 16.009 15.835 15.845 15.883 15.893 15.960 16.094 16.442 15.919 15.899
Fe 3+ 0.029 0.085 0.177 0.149 0.174 0.122 0.121 0.039 0.154 0.159 0.024 0.003 0.004 0.038 0.185 0.185 0.147 0.136 0.082 0.028 0.014 0.191 0.147
Ti 0.000 0.005 0.021 0.014 0.019 0.015 0.018 0.000 0.012 0.014 0.000 0.000 0.002 0.000 0.011 0.010 0.015 0.011 0.009 0.000 0.000 0.002 0.007
Cr 0.005 0.001 0.000 0.003 0.000 0.000 0.000 0.002 0.007 0.000 0.000 0.000 0.001 0.002 0.002 0.000 0.004 0.000 0.002 0.002 0.002 0.000 0.003
Mn 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
Mg 0.000 0.013 0.024 0.048 0.052 0.054 0.060 0.003 0.042 0.046 0.000 0.000 0.000 0.004 0.035 0.045 0.031 0.027 0.017 0.000 0.000 0.016 0.011
Ca 0.895 2.090 1.750 2.146 2.045 2.530 2.401 1.114 2.117 2.129 0.018 0.120 0.102 1.419 2.384 2.583 2.066 2.555 3.196 0.054 0.054 3.134 2.989
Na 2.725 1.616 2.009 1.613 1.635 1.254 1.327 2.384 1.594 1.635 2.534 1.981 3.414 2.326 1.420 1.176 1.750 1.352 0.726 3.620 2.348 0.759 0.962
K 0.141 0.095 0.130 0.087 0.090 0.085 0.094 0.159 0.090 0.085 0.010 0.005 0.013 0.094 0.118 0.112 0.102 0.056 0.020 0.013 0.011 0.026 0.035
∑X 3.796 3.905 4.112 4.060 4.016 4.060 4.022 3.701 4.015 4.066 2.586 2.109 3.535 3.883 4.155 4.111 4.116 4.137 4.052 3.717 2.428 4.129 4.155
Ab 0.725 0.425 0.517 0.419 0.434 0.324 0.347 0.652 0.419 0.425 0.989 0.941 0.968 0.606 0.362 0.304 0.447 0.341 0.184 0.982 0.973 0.194 0.241
An 0.238 0.550 0.450 0.558 0.542 0.654 0.628 0.305 0.557 0.553 0.007 0.057 0.029 0.370 0.608 0.667 0.527 0.645 0.811 0.015 0.023 0.800 0.750






Plagioclase Composition Calculations from Microprobe Work:  Sand 3 - Rio San Pedro
**Spreadsheet for Plagioclase Formulae Calculation on the Basis of 32 O considering Fe as Fe3+ and is treated as substitution of Ca2+.
Date Se pt-10-09 Se pt-11-09
Sample  # s3-5 s3-5 s3-6 s3-6 s3-8 s3-10 s3-11 s3-11 s3-15 s3-15 s3-16 s3-16 s3-9 s3-20
Oxide s Wt% Wt% Wt% Wt% Wt% Wt% Wt% Wt% Wt% Wt% Wt% Wt% Wt% Wt%
SiO2 62.15 64.09 67.39 70.44 53.16 58.49 52.63 53.76 63.50 68.02 57.99 59.49 58.24 64.33
TiO2 0.00 0.04 0.00 0.02 0.09 0.03 0.00 0.01 0.02 0.00 0.01 0.01 0.01 0.04
Al2O3 22.96 23.07 19.41 20.00 29.19 24.92 23.33 22.33 19.76 20.38 24.33 23.78 25.86 22.64
Cr2O3 0.03 0.02 0.01 0.00 0.00 0.00 0.01 0.00 0.00 0.00 0.00 0.00 0.01 0.00
Fe O* 0.14 0.15 0.07 0.22 0.58 0.45 0.01 0.00 0.05 0.02 0.14 0.13 0.23 0.21
MnO 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
MgO 0.00 0.03 0.00 0.02 0.06 0.05 0.01 0.00 0.00 0.00 0.00 0.00 0.01 0.00
CaO 4.05 3.85 0.00 0.03 12.06 6.78 10.79 9.99 0.27 0.28 5.27 4.82 6.99 3.65
Na2O 6.58 8.38 5.02 10.61 4.17 6.51 0.06 0.44 9.37 11.10 7.78 7.95 6.82 9.01
K2O 0.78 0.82 0.10 0.36 0.35 0.55 0.51 1.08 0.04 0.04 0.72 0.79 0.52 0.95
Total 96.85 100.60 91.99 101.70 99.73 98.16 87.36 87.23 93.07 99.86 96.34 97.04 98.83 100.92
Si 11.283 11.269 12.386 12.051 9.673 10.664 10.626 10.831 11.855 11.882 10.740 10.908 10.537 11.299
Al 4.913 4.781 4.205 4.033 6.260 5.355 5.552 5.302 4.348 4.196 5.311 5.139 5.514 4.687
∑Z 16.195 16.049 16.591 16.084 15.932 16.019 16.178 16.133 16.203 16.078 16.050 16.047 16.051 15.986
Fe3+ 0.024 0.024 0.011 0.035 0.097 0.076 0.002 0.000 0.009 0.003 0.023 0.022 0.038 0.034
Ti 0.000 0.006 0.000 0.002 0.013 0.005 0.000 0.002 0.003 0.001 0.002 0.001 0.001 0.005
Cr 0.004 0.003 0.001 0.000 0.000 0.001 0.001 0.000 0.000 0.000 0.000 0.000 0.001 0.000
Mn 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
Mg 0.000 0.007 0.001 0.006 0.016 0.014 0.004 0.000 0.000 0.001 0.000 0.000 0.003 0.000
Ca 0.788 0.725 0.000 0.005 2.351 1.324 2.334 2.156 0.053 0.052 1.046 0.947 1.355 0.687
Na 2.316 2.857 1.789 3.519 1.471 2.301 0.025 0.173 3.392 3.760 2.794 2.826 2.392 3.068
K 0.180 0.183 0.023 0.078 0.082 0.128 0.131 0.278 0.009 0.008 0.170 0.184 0.120 0.212
∑X 3.312 3.804 1.826 3.646 4.029 3.849 2.498 2.609 3.465 3.824 4.035 3.980 3.910 4.007
Ab 0.705 0.759 0.987 0.977 0.377 0.613 0.010 0.067 0.982 0.984 0.697 0.714 0.619 0.773
An 0.240 0.193 0.000 0.002 0.602 0.353 0.937 0.827 0.015 0.014 0.261 0.239 0.350 0.173
Or 0.055 0.049 0.013 0.022 0.021 0.034 0.053 0.106 0.003 0.002 0.043 0.046 0.031 0.054
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Point Coutning Statistics For Modern River Samples:
Rio San Pedro Rio Grande de Santiago Rio Acaponeta
SAMPLE #: SAND 3 ERROR RELATIVE TO: SAND 5 ERROR RELATIVE TO: SAND 9 ERROR RELATIVE TO:
Channel # # of counts 1STD 2STD % of Sample # of counts 1STD 2STD % of Sample # of counts 1STD 2STD % of Sample
0 4 2.0 4.0 > 1% 98 9.9 19.8 16 ± 5% 1 1.0 2.0 > 1% BASALT/ANDESITE RF
1 310 17.6 35.2 54 ± 9% 236 15.4 30.7 39 ± 8% 297 17.2 34.5 58 ± 9% RHYOLITE RF
2 86 9.3 18.5 15 ± 5% 41 6.4 12.8 7 ± 3% 87 9.3 18.7 17 ± 5% WAFT ROCK FRAGMENTS
3 0 0.0 0.0 0 0 0.0 0.0 0 0 0.0 0.0 0 SHELL FRAGMENTS
4 0 0.0 0.0 0 0 0.0 0.0 0 0 0.0 0.0 0 ORGANIC MATERIAL
5 11 3.3 6.6 2 ± 1% 49 7.0 14.0 8 ± 3% 4 2.0 4.0 > 1% TWINNED GRAINS
6 99 9.9 19.9 17 ± 5% 141 11.9 23.7 23 ± 7% 84 9.2 18.3 8 ± 3% UNTWINNED GRAINS
7 59 7.7 15.4 10 ± 4% 32 5.7 11.3 5 ± 2% 41 6.4 12.8 16 ± 5% OTHER 
Total Count Total Count Total Count
569 597 514
Point Coutning Statistics For Modern Beach Samples:  AVERAGE VALUES
SAMPLE #: SAND 2 SAND 6 SAND 8 SAND 11 CORE 15-1 CORE 15-2 CORE 15-3 ERROR RELATIVE TO:
Channel # # of counts # of counts # of counts # of counts # of counts # of counts # of counts AVERAGE 1STD 2STD AVERAGE % OF SAMPLE
0 16 6 31 28 17 21 15 19.1 4.4 8.8 4 ± 2% BASALT/ANDESITE RF
1 237 250 153 212 205 160 192 201.3 14.2 28.4 41 ± 8% RHYOLITE RF
2 23 26 22 23 22 22 17 22.1 4.7 9.4 4 ± 2% WAFT ROCK FRAGMENTS
3 6 5 5 3 14 7 6 6.6 2.6 5.1 > 1% SHELL FRAGMENTS
4 6 4 9 4 7 4 4 5.4 2.3 4.7 > 1% ORGANIC MATERIAL
5 9 12 18 17 6 15 14 13.0 3.6 7.2 3 ± 1% TWINNED GRAINS
6 172 169 186 133 134 167 177 162.6 12.8 25.5 33± 7% UNTWINNED GRAINS
7 76 54 55 51 55 69 65 60.7 7.8 15.6 12 ± 4% OTHER 
Total Count Total Count Total Count Total Count Total Count Total Count Total Count AVG. COUNT











Point Coutning Statistics For Beach Ridge Core Samples
SAMPLE #: CORE 1-1 CORE 3-2 CORE 5-1 CORE 6-1 CORE 7-1 CORE 10-1
Channel # # of counts % of Sample # of counts % of Sample # of counts % of Sample # of counts % of Sample # of counts % of Sample # of counts % of Sample
0 18 3.1 9 1.6 21 3.9 26 4.5 23 4.4 5 0.9
1 223 38.3 231 41.7 225 41.4 224 38.7 221 42.5 234 43.4
2 32 5.5 26 4.7 31 5.7 29 5.0 20 3.8 30 5.6
3 2 0.3 7 1.3 0 0.0 0 0.0 0 0.0 1 0.2
4 3 0.5 5 0.9 0 0.0 4 0.7 2 0.4 3 0.6
5 21 3.6 20 3.6 18 3.3 26 4.5 22 4.2 21 3.9
6 205 35.2 195 35.2 188 34.6 205 35.4 167 32.1 181 33.6
7 78 13.4 61 11.0 61 11.2 65 11.2 65 12.5 64 11.9
Total Count Total Count Total Count Total Count Total Count Total Count
582 554 544 579 520 539
Point Coutning Statistics For Beach Ridge Core Samples Cont.
CORE 11-1 CORE 12-1 CORE 13-1 ERRO RELATIVE TO:
# of counts % of Sample # of counts % of Sample # of counts % of Sample AVERAGE 1STD 2STD AVERAGE % OF SAMPLE
0 0.0 45 8.3 15 2.7 18.0 4.2 8.5 3 ± 1% BASALT/ANDESITE RF
227 43.9 213 39.5 233 42.6 225.7 15.0 30.0 41 ± 8% RHYOLITE RF
25 4.8 41 7.6 44 8.0 30.9 5.6 11.1 5 ± 2% WAFT ROCK FRAGMENTS
1 0.2 3 0.6 3 0.5 1.9 1.4 2.7 > 1% SHELL FRAGMENTS
6 1.2 4 0.7 2 0.4 3.2 1.8 3.6 > 1% ORGANIC MATERIAL
17 3.3 28 5.2 23 4.2 21.8 4.7 9.3 4 ± 2% TWINNED GRAINS
181 35.0 154 28.6 159 29.1 181.7 13.5 27.0 33 ± 7% UNTWINNED GRAINS
60 11.6 51 9.5 68 12.4 63.7 8.0 16.0 11 ± 4% OTHER 
Total Count Total Count Total Count AVG. COUNT














DATA FOR TERNARY PLOT COMPARISON:  RIVERS AND MODERN BEACH AVERAGE
RIO GRANDE DE SANTIAGO RIO SAN PEDRO RIO ACAPONETA MODERN BEACH AVERAGE
Grain Type # Counted % of Grains Grain Type # Counted % of Grains Grain Type # Counted % of Grains Grain Type # Counted % of Grains
Untwinned 141 29.68 Untwinned 99 23.97 Untwinned 84 21.99 Untwinned 163 42.56
B/A RF 98 20.64 B/A RF 4 0.97 B/A RF 1 0.26 B/A RF 19 4.96
Rhyolite RF 236 49.68 Rhyolite RF 310 75.06 Rhyolite RF 297 77.75 Rhyolite RF 201 52.48
TOTAL: 475 100.00 TOTAL: 413 100.00 TOTAL: 382 100.00 TOTAL: 383 100.00
DATA FOR TERNARY PLOT COMPARISON:  SOUTHERN BEACH RIDGE CORES
CORE SAMPLE 5-1 CORE SAMPLE 6-1 CORE SAMPLE 7-1 CORE SAMPLE 12-1 CORE SMAPLE 13-1
Grain Type # Counted % of Grains Grain Type # Counted % of Grains Grain Type # Counted % of Grains Grain Type # Counted % of Grains Grain Type # Counted % of Grains
Untwinned 188 43.32 Untwinned 205 45.05 Untwinned 167 40.63 Untwinned 154 37.38 Untwinned 159 39.07
B/A RF 21 4.84 B/A RF 26 5.71 B/A RF 23 5.60 B/A RF 45 10.92 B/A RF 15 3.69
Rhyolite RF 225 51.84 Rhyolite RF 224 49.23 Rhyolite RF 221 53.77 Rhyolite RF 213 51.70 Rhyolite RF 233 57.25
TOTAL: 434 100.00 TOTAL: 455 100.00 TOTAL: 411 100.00 TOTAL: 412 100.00 TOTAL: 407 100.00
DATA FOR TERNARY PLOT COMPARISON:  NORTHERN BEACH RIDGE CORES
CORE 11-1 CORE 1-1 CORE 10-1 CORE 3-2 CORE 15-2
Grain Type # Counted % of Grains Grain Type # Counted % of Grains Grain Type # Counted % of Grains Grain Type # Counted % of Grains Grain Type # Counted % of Grains
Untwinned 181 44.36 Untwinned 205 45.96 Untwinned 181 43.10 Untwinned 195 44.83 Untwinned 167 47.99
B/A RF 0 0.00 B/A RF 18 4.04 B/A RF 5 1.19 B/A RF 9 2.07 B/A RF 21 6.03
Rhyolite RF 227 55.64 Rhyolite RF 223 50.00 Rhyolite RF 234 55.71 Rhyolite RF 231 53.10 Rhyolite RF 160 45.98
TOTAL: 408 100.00 TOTAL: 446 100.00 TOTAL: 420 100.00 TOTAL: 435 100.00 TOTAL: 348 100.00
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> table1<-read.table("Sand3_vs_Sand9.txt", sep="\t", header=TRUE) 
> table1 
  SAND.3 SAND.9 
1      4           1 
2    310      297 
3     86        87 
4     11         4 
5     99        84 
6     59        41  
 
#1 = Basalt/Andesite RF; 2 = Rhyolite RF; 3 = Welded Ash Flow Tuff RF 




 Pearson's Chi-squared test 
 
data:  table1  
X-squared = 7.0454, df = 5, p-value = 0.2173 
 
Warning message: 




 Fisher's Exact Test for Count Data 
 
data:  table1  
p-value = 0.2314 
alternative hypothesis: two.sided  
 
 
#* After running the chi-square test for table 1 a warning message addressing the veracity of 
Pearson‟s chi-square approximation was displayed. This is due to the number of cells with less 
than 5 counts on the table (3); chi-square test is not appropriate when more than 1/5 (2.4) the 
total number of cells (12) have values < 5 in tables larger than 2 x 2.  For that reason, a Fisher‟s 
exact test was run on table 1 and the p-value obtained from this test confirmed that the p-value 







> table2<-read.table("Sand5_vs_Sand9.txt", sep="\t", header=TRUE) 
> table2 
  SAND.5 SAND.9 
1     98          1 
2    236       297 
3     41         87 
4     49          4 
5    141        84 
6     32         41 
 
#1 = Basalt/Andesite RF; 2 = Rhyolite RF; 3 = Welded Ash Flow Tuff RF 




 Pearson's Chi-squared test 
 
data:  table2  
X-squared = 167.0416, df = 5, p-value < 2.2e-16** 
 
 
> table3<-read.table("Sand3_vs_Sand5.txt", sep="\t", header=TRUE) 
> table3 
  SAND.3 SAND.5 
1      4          98 
2    310       236 
3     86         41 
4     11         49 
5     99        141 
6     59         32 
 
#1 = Basalt/Andesite RF; 2 = Rhyolite RF; 3 = Welded Ash Flow Tuff RF 




 Pearson's Chi-squared test 
 
data:  table3  
X-squared = 151.4442, df = 5, p-value < 2.2e-16** 
 
 
#** 2.2e-16 is approximately the smallest non-zero number R can handle, which is why it t 
appears as a recurrent result for these two tables.  It just means that the p-value is very small for 
Pearson‟s chi-square analysis on both table2 and table 3.# 
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modern_beach<-read.table("modern_beach_samples.txt", sep="\t", header=TRUE) 
> modern_beach 
  SAND.2 SAND.6 SAND.8 SAND.11 CORE.15.1 CORE.15.2 CORE.15.3 
1     16           6            31            28                17                21               15 
2    237        250         153          212              205              160             192 
3     23          26           22            23                22                22               17 
4      9           12           18            17                 6                 15               14 
5    172        169         186          133              134              167             177 
6     76          54           55            51                55                69               65 
 
#1 = Basalt/Andesite RF; 2 = Rhyolite RF; 3 = Welded Ash Flow Tuff RF 




 Pearson's Chi-squared test 
 
data:  modern_beach  
X-squared = 82.1809, df = 30, p-value = 9.552e-07 
 
 
> cores<-read.table("core_samples.txt", sep="\t", header=TRUE) 
> cores 
  CORE.1.1 CORE.3.2 CORE.5.1 CORE.6.1 CORE.7.1 CORE.10.1 CORE.11.1 CORE.12.1 CORE.13.1 
1       18           9            21            26            23             5               0               45             15 
2      223        231         225          224          221          234           227            213           233 
3       32         26            31            29            20            30             25              41             44 
4       21         20            18            26            22            21             17              28             23 
5      205       195          188          205          167          181           181            154           159 
6       78         61            61            65            65            64             60              51             68 
 
#1 = Basalt/Andesite RF; 2 = Rhyolite RF; 3 = Welded Ash Flow Tuff RF 




 Pearson's Chi-squared test 
 
data:  cores  








> Sand5_vs_AvModernBeach<-read.table("Sand5_vs_AvModernBeach.txt", sep="\t", 
header=TRUE) 
> Sand5_vs_AvModernBeach 
  SAND.5 AVERAGE.Modern.beach 
1     98                     19.1 
2    236                   201.3 
3     41                     22.1 
4     49                     13.0 
5    141                   162.6 
6     32                     60.7 
 
#1 = Basalt/Andesite RF; 2 = Rhyolite RF; 3 = Welded Ash Flow Tuff RF 




 Pearson's Chi-squared test 
 
data:  Sand5_vs_AvModernBeach  
X-squared = 80.804, df = 5, p-value = 5.697e-16 
 
 
> Sand5_vs_AvC<-read.table("Sand5_vs_AvC.txt", sep="\t", header=TRUE) 
> Sand5_vs_AvC 
  SAND.5 AVERAGE_C 
1     98            18.0 
2    236          225.7 
3     41            30.9 
4     49            21.8 
5    141          181.7 
6     32            63.7 
 
#1 = Basalt/Andesite RF; 2 = Rhyolite RF; 3 = Welded Ash Flow Tuff RF 




 Pearson's Chi-squared test 
 
data:  Sand5_vs_AvC  







> AvMB_vs_AvC<-read.table("AvMB_vs_AvC.txt", sep="\t", header=TRUE) 
> AvMB_vs_AvC 
  AVERAGE_MB AVERAGE_C 
1       19.1                      18.0 
2      201.3                    225.7 
3       22.1                      30.9 
4       13.0                      21.8 
5      162.6                    181.7 
6       60.7                      63.7 
 
#1 = Basalt/Andesite RF; 2 = Rhyolite RF; 3 = Welded Ash Flow Tuff RF 




 Pearson's Chi-squared test 
 
data:  AvMB_vs_AvC  
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